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Abstract:  Alloyed semiconductor quantum dots (cadmium selenium telluride) with both homogeneous and
gradient internal structures have been prepared to achieve continuous tuning of the optical properties without
changing the particle size. Our results demonstrate that composition and internal structure are two important
parameters that can be used to tune the optical and electronic properties of multicomponent, alloyed quantum
dots. A surprising finding is a nonlinear relationship between the composition and the absorption/emission
energies, leading to new properties not obtainable from the parent binary systems. With red-shifted light
emission up to 850 nm and quantum yields up to 60%, this new class of alloyed quantum dots opens new
possibilities in band gap engineering and in developing near-infrared fluorescent probes for in vivo molecular
imaging and biomarker detection.

Size-tunable properties have become a hallmark of quantumchanging the particle size could cause problems in many
dots and related nanostructutésThese properties are currently — applications such as nanoelectronics, superlattice structures, and
under intensive study for potential use in optoelectronics, high- biological labeling. In this paper, we report a new class of
density memory, quantum-dot lasers, and lately for biosensing alloyed semiconductor quantum dots (ternary CdSeTe) for
and biolabeling—® Recent advances have led to the development continuous tuning of quantum confinement without changing
of colloidal nanostructures including cefshell quantum the particle size. We show that both the alloy composition (the
dots10-12 elongated quantum rod3,doped magnetic nano-  Se:Te molar ratio) and the internal structure can be controlled
particlest*16 quantum-dot quantum-well (QDQW) hetero- in a single step by varying the relative amounts of the starting
structures;*8and mixed semiconductor dots?°However, the materials.
tuning of electronic, optical, and magnetic properties by  On the basis of the particle-in-a-sphere models for quantum
dots?1-22the composition effect arises from a strong dependence
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(10) Dabbousi, B. O.; Rodriguez-Viejo, J.; Mikulec, F. V.; Heine, J. R.; ; ; 0, B
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1997 101, 9463-9475. is ca. 20% smaller than that in CdSe. Thus, the effective exciton
(11) Peng, X. G.; Schlamp, M. C.; Kadavanich, A. V.; Alivisatos, AJPAm. i

Chem. S0c1997 119 7019-7029. mass in Fgrnary CdSeTg alloys should be quulated by the glloy
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(15) Mikulec, F. V.; Kuno, M.; Bennati, M. et all. Am. Chem. So@00Q 122 CdSeTe nanocrystals can be substantially lower than that in pure

2532-2540.
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5260. M. G. Phys. Re. B 1996 54, 4843-4856.
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CdSe or CdTe nanocrystals of the same size. Observed as &DA, and additional CdO for shell growth. Shells were grown by
“depression” in both the excitonic absorption and the band- dropwise addition of the desired stock solution to form the appropriate
edge emission energies, this nonlinear effect leads to new opticalshell material (either 0.04 M Se or Te in TOP). Aliquots were taken

and electronic properties that are not available from the parentout of the reaction mixture periodically for determination of particle
binary quantum dots size and elemental composition. The detailed procedures and reaction

conditions were similar to those for the alloyed dots. All guantum dots
Materials and Methods were purified by several rounds of precipitation and centrifugation and
were stored at room temperature for later characterization and use.
Characterization. UV —vis absorption spectra were recorded on a
Shimadzu UV-2401PC scanning spectrophotometer operating at a slit
width of 1.0 nm. Band gap energy determinations were made by
analyzing the absorption data using the method outlined by Fendler
and co-worker$ to extract the value for the absorption onset.
Photoluminescence spectra were acquired on a Spex FluoroMax
spectrometer. Emission spectra were taken using an excitation wave-
length of 475 nm with excitation and emission slit widths set at 2.0
. . . . nm. Recorded spectra were corrected for the wavelength dependence
solutlon' at the same.concentratlon was p_rep_ared by dissolving 1.28 Yof detector response. The optical densities of all samples were adjusted
of teI.Iurlum. powder. in 25 mL of T,OP’ yielding a .yellow satur.ated to between 0.10 and 0.15 at the excitation wavelength, and quantum
solution V.Vh.'Ch requ!red gentle heating before use in order to dissolve yield measurements were made by comparing the integrated nanocrystal
the remaining tellurium powder. ) emission in chloroform with that of fluorescent dyes (Atto 565 and
. Synthe_5|s of Alloyed Quantum Dots.Our_ strgtegy for prePar!”Q Atto 680, Fluka, Milwaukee, WI) in ethanol. Transmission electron
high-quality .alloyed quantum  dots was msp.lred by @he 0r|g|_nal micrographs were obtained on a JEOL 1210 electron microscope
organomegtalllc proceduféhe use of cadmium oxide as an INEXpensive operating at an accelerating voltage of 90 kV. Samples were prepared
precursof?’and the report of mixed HDATOPO solvents for improved by placing a dilute solution of nanocrystals in chloroform onto carbon-

size monodispersity and fluo_rgscence quantum yi#ldsus, a 125 coated copper grids and allowing them to dry in a vacuum desiccator
mL round-bottom flask containgn9 g of TOPQ, 3 g of HDA, and 16 overnight

mg of CdO was heated t9150°C and was degassed under a vacuum Energy-dispersive X-ray (EDX) data were acquired on a Philips

of 20 Pa for 15 min. The flask was then filled with argon gas, and its XL30 ESEM-FEG equipped with an EDAX light element detector and

temperature was increased to 325. After the precursor CdO was rocessed on an EDAX Phoenix X-ray Microanalvsis Svstem. X-ra
dissolved completely in the solvent, the temperature was lowered to P! . . Y Y Y : y
diffraction data were obtained from powder samples of GdJex

300°C and was allowed to stabilize for several minutes. For convenient ; ) L - .
. ) } - nanocrystals, which were first precipitated in chloroform with methanol
control of reagent molar ratios, five premixed Se and Te solutions were . - .

L ) . followed by centrifugation to isolate a nanocrystal pellet. After the
prepared from the individual stock solutions at 0.4 M total concentration, supernatant was discarded. each pellet was allowed to drv overniaht
but with Se:Te molar ratios of 100:0, 75:25, 50:50, 25:75, or 0:100. P ded, each p . Y O 9

. ——" and then was crushed into a fine powder which was sealed in a 0.5
To prepare homogeneous alloyed quantum dots under cadmium-limited . ;
S . S . . mm capillary and mounted on the platform goniometer such that the
conditions (see discussion in next section), a premixed Se and Te _ . . S . L :
L e capillary axis was coincident with the main instrument axis. Data were
solution in the amount of 2.5 mL (1.0 mmol) was rapidly injected (less : - . .
. ! collected using Mo I& radiation with a weighted mean wavelength of
than 1 s) into the colorless TOPO/HDA/CdO solution at 300 The . -
: . - ) . 0.71073 A. The samples were continuously oscillated throught 179
reaction mixture contained ca. 0.12 mmol of cadmium, approximately . ) . - .
about the instrument axis during a 90-s data collection period. Data

Bt 1 0 ot ecrde i Brker AXS SARTE0E0 o dmensonl O
9 ) detector diffraction system and processed with Bruker's SMART and

then at longer mte_rvals aiter the |_n|t|al _|nject|on of the prem|xgd Se GADDS software to produce the standard intensity vs diffraction angle
and Te stock solution. The sampling aliquots were quenched in cold . . -
data to a maximum diffraction angle of 39.5

(25°C) chloroform in order to stop further growth of the particles. To

prepare gradient quantum dots under cadmium-rich conditions, aboutpesyits and Discussion

2.5 mL (0.25 mmol) of a premixed Se and Te stock solution (diluted

4-fold) was injected into a colorless TOPO/HDA solution containing Reaction Kinetics.Previous studies of binary quantum dots

2.0 mmol of cadmium at 308C. Under these conditions, the cadmium and bulk semiconductors have found that CdSe and CdTe

precursor was about 8-fold in excess of the total amount of injected Se nanocrystals can be prepared under similar condifgsind

and Te. that these two semiconductors form homogeneous alloys at all
Synthesis of Core-Shell Quantum Dots.To synthesize coreshell proportions? However, recent research (R. Bailey and S. Nie,

nanocrystals with overall sizes and compositions similar to those of unpublished data) indicates that elemental tellurium is consider-

the alloyed quantum dots, we first calculated the core sizes and shell . . . .

gbly more reactive than selenium toward cadmium under rapid

thicknesses that needed to be synthesized. Using either the crystal lattic . o .
parameters or the bulk densities of CdSe and CdTe, the calculated"Ucl€ation and growth conditions. Because of this difference

results were in agreement within 5%. Next, we synthesized the coresin reactivity, the CdTe growth rate is approximately 2 times
and monitored their growth by absorption spectroscopy, based on thethat of CdSe. Here we have taken advantage of these factors
known size-dependent behavior for CdSe and CdTe nanocrystals. Wherand have developed a novel procedure that allowed us to prepare
the desired core size was achieved, growth was stopped by quenchingwo distinct types of alloyed semiconductor quantum dots.

the reaction. The nanocrystals were isolated by precipitation with Specifically, all reagents are added into a “single pot”, with a
methanol and were placed into a new reaction flask containing TOPO,

Materials. Cadmium oxide (CdO, 99.99%), selenium shot (Se,
99.999%), trin-octylphosphine (TOP, 90%), tri-octylphosphine oxide
(TOPO, 90%), and hexadecylamine (HDA, 90%) were purchased from
Aldrich (Milwaukee, WI). Tellurium powder (Te, 99.999%) was
purchased from Alfa Aesar (Ward Hill, MA). Carbon-coated copper
grids (200 mesh) for preparing TEM specimens were purchased from
Electron Microscopy Sciences (Fort Washington, PA). A selenium stock
solution (0.4 M) was prepared by dissolving 0.79 g of selenium shot
in 25 mL of TOP, yielding a colorless solution. A tellurium stock

(31) Tian, Y.; Newton, T.; Kotov, N. A,; Guldi, D. M.; Fendler, J. B.. Phys.

(28) Murray, C. B.; Norris, D. J.; Bawendi, M. G. Am. Chem. Sod 993 Chem.1996 100, 8927-8939.
115 8706-8715. (32) Talapin, D. V.; Rogach, A. L.; Mekis, I.; Haubold, S.; Kornowski, A.;
(29) Peng, Z. A.; Peng, X. GI. Am. Chem. So@001, 123 183-184. Haase, M.; Weller, HColloid Surf. A2002 202, 145-154.
(30) Talapin, D. V.; Rogach, A. L.; Kornowski, A.; Haase, M.; Weller,Ntano (33) Willardson, R. K., Goering, H. L., EdsCompound Semiconductors
Lett. 20071, 1, 207—211. Reinhold: New York, 1962.
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Figure 1. Internal structures and optical properties of cesiell and

alloyed CdSe 4Tec quantum dots: (a) schematic drawings of four different

types of quantum dots; (b) their corresponding fluorescence emission spectra®

(1) Traditional core-shell CdTe-CdSe dots; (2) reversed coershell dots;
(3) homogeneous alloyed dots; and (4) gradient alloyed dots. All dots were

synthesized to have a mean diameter of 5.9 nm (core plus shell) and an

overall composition of CdSeTey 4, with relative standard deviations of

Under cadmium-rich conditions, on the other hand, the
difference in the intrinsic Se and Te reactivity results in quantum
dots with a gradient alloy structure. During rapid particle
nucleation and growth in hot TOP®11the initial core is rich
in Te due to its faster reaction rate toward cadmium. As the
free Te is being depleted from the reaction mixture, CdSe
deposition becomes more important toward crystal growth.
When all free Se and Te in the mixture are consumed patrticle
growth will stop, yielding alloyed quantum dots with a gradient
Te concentration from the core to the surface. Because the outer
layer is largely made of CdSe, this layer acts as an encapsulating
shell for the CdTe-rich core. But unlike the traditional cere
shell nanocrystals synthesized in two sequential stegur
gradient alloyed dots are prepared in a single step and do not
have an abrupt boundary between the Te-rich core and the Se-
rich shell. A potential problem not considered above is the so-
called “Ostwald ripening” effect?3%in which smaller particles
or clusters are dissolved to feed the growth of larger ones. The
net effect would be a composition averaging that renders the
gradient dots more like the homogeneous dots. But this
complication does not change the main conclusions of this work
ince growth is quenched before this mechanism becomes
important.

Structure and Optical Properties. Figure 1 shows the
schematic structures of four different types of semiconductor

ca. 10%. Within each batch of nanocrystal samples, the standard deviationsquantum dots and their fluorescence emission spectra. The

for both size and composition were approximately 5%.

precise control of the Se:Te molar ratios. But the amount of
injected cadmium is either in large excess or in short supply
(by ca. 8-fold) relative to the total mole amounts of Se and Te.
Under these conditions, the reagent in short supply would be
completely consumed while the reagent in large excess would

maintain a nearly constant concentration during the entire course

of the reaction. From both kinetic analysis and experimental
measurements, we show that alloyed quantum dots with a
homogeneousternal structure can be prepared unckamium-
limited conditions and that alloyed dots witlgeadientstructure

can be produced undeadmium-richconditions (see schematics

in Figure 1).

When a limited amount of cadmium is injected, the composi-
tion of the resulting nanocrystals is determined by the Se/Te
molar ratio and by the different intrinsic Se and Te reactivities
toward cadmium. The intrinsic reactivities are difficult to change
without altering the experimental conditions, but the Se/Te ratio
in the reaction mixture provides a convenient control parameter
for preparing ternary quantum dots with a wide range of
compositions. A key concept is that the quantum dot composi-
tion is determined only by the relative formation rates of CdSe
and CdTe, not by the absolute cadmium concentration. The

reason is that cadmium is a common species in both CdSe andtook place, to prevent

CdTe, and its effect is dropped out in the kinetic equations

traditional CdTe-core/CdSe-shell quantum ddiswere syn-
thesized by a two-step procedure, in which 4.5-nm CdTe cores
were coated with a 0.7-nm CdSe shell. For the reverse—core
shell structure?), 4.9-nm CdSe quantum dots were coated with
a 0.5-nm CdTe layer. At these core sizes and shell thicknesses,
the core-shell dots of both types have the same overall diameter
of 5.9 nm and the same elemental composition of 60% Se and
40% Te. Calculations based on either crystal lattice parameters
or bulk CdSe and CdTe densitfésjield composition results
that are in excellent agreement (5%) with each other. Distinct
from these coreshell structures, ternary alloyed quantum dots
(3, homogeneous) were prepared by using cadmium oxide and
an 8-fold excess of a 75:25 (molar ratio) Se:Te stock solution
as discussed above. Under these reaction conditions, the resulting
qguantum dots were found to have an elemental composition of
60% Se and 40% Te, same as the eaikell structures. The
size of the ternary quantum dots was controlled by the growth
time, together with fine-tuning of the nucleation rate at slightly
different temperatures. Using a new stock solution of 60% Se
and 40% Te and an 8-fold excess of cadmium oxide, we
prepared a second type of ternary alloyed quantum dbts (
gradient), for which the particle size was mainly controlled by
the nucleation rate at different temperatures. The reaction was
allowed to proceed to completion (all free Se and Te were
consumed), but was stopped before significant Ostwald ripening
“defocusing” or broadening in the particle
size distributior?* Thus, the gradient alloy dots have relatively

describing the relative CdSe and CdTe reaction rates. Thus, thg, 514\ size distributions and the same Se:Te ratio as the stock

nanocrystal composition is expected to remain constant even

when the cadmium concentration changes with reaction time,
yielding a homogeneous alloy that is uniform from the particle

core to the surface. Indeed, elemental analysis by inductively
coupled plasma mass spectrometry (ICP-MS) at different growth

intervals revealed an essentially constant composition as the

particles grew from 2.0 to 8.0 nm (details below).
7102 J. AM. CHEM. SOC. m VOL. 125, NO. 23, 2003

solution.
With nearly identical sizes and compositions, we proceeded
to examine how the internal structures (e.g., ealeell and

(34) Peng, X. G.; Wickham, J.; Alivisatos, A. . Am. Chem. Sod 998 120,
5343-5344.

(35) Desmet, Y.; Deriemaeker, L.; Parloo, E.; Finsy,LRngmuir 1999 15,
2327-2332.
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Figure 2. X-ray power diffraction data obtained from pure CdSe, pure
CdTe, and alloyed Cd$&Tec quantum dots. The size of all dots was
approximately 5 nm in diameter, and the asterisk (*) indicates a spurious
signal.

alloy) of quantum dots would influence their optical properties.
As shown in Figure 1b, the coreshell CdTe-CdSe nano- .
crystals are intensely fluorescent (emission peak at 702 nm), -
but the reversed coreshell CdSe-CdTe quantum dots show 7 o..as(z nm) =066 (5 )
litle band-edge luminescence. This is not surprising bec.auseFigure 3. Growth kinetics, elemental composition, and TEM structural
CdTe has a lower band gap than CdSe and does not provide aiyaa optained from homogeneous CelEenss quantum dots during
effective shell (leading to exciton recombination at surface trap nanocrystal growth: (a) plot of particle growth (volume) versus time; (b)
sites). In comparison, both types of alloyed quantum dots are plot of particle composition versus time; and (c) TEM images of alloyed
highly fluorescent, but their emission spectra are shifted to 741 ?ﬁzné‘;mg;ti riir?r?geﬂ ;Irgr}};?j gﬁag':’er;lL‘:;ﬁ#r?natth?ﬁ;{g;t g;oewttg;t'r?;&
nm for the gradient structure and to 757 nm for the homoge- detailed discussion.

neous structure. Remarkably, the alloyed quantum dots exhibit
similar fluorescence quantum yields (QE 30—60%) and
spectral widths (full width at half-maximum or fwhm 35 nm)

as the traditional coreshell dots (fwhm= 30—35 nm). The
high quantum yields and narrow spectral widths indicate that
the alloyed quantum dots do not contain a heterogeneous
population of amorphous clusters but are highly crystalline in
structure and monodisperse in size.

Powder X-ray diffraction data (Figure 2) confirm the crystal-

1 7 4 &
e B R R
L .

N et "

ternary dots grow at an intermediate rate depending on the exact
composition and the reaction conditions. The elemental analysis
data (b) reveal a nearly constant composition for the alloyed
dots during the entire course of their growth. In fact, only a
slight decrease of ca. 2% in Te composition was observed after
extended periods of particle growth, during which the particle
size increased from 2 to 8 nm. This decrease is reasonable
line wurtzite-type structure of the ternary particles. Broadened because the total amount of Se and Te is only 8-fold in excess
It . L . of cadmium (a finite number), so a small depletion will develop
due to the finite nanocrystalline domain size, the wurtzite . . . . X
for Te with reaction time. This set of elemental data provides

patterns of nanocrystals contain four peaks (a singlet peak at A
low angle and a triplet of peaks at high angle) whereas zinc strong evidence that the ternary quantum dots have a homoge-
neous alloy structure that is nearly uniform from the start to

blende patterns from nanocrystals only have two peaks (a singlet .
atow angle and a singet at high anglefhe wurzte stuowre ¢ S8 PR EER, RS (e el
is kinetically favored and is observed at all compositions of . . . P 0
. - - size controls and size monodispersity can be achieved for the
CdSe-—«Tey, ruling out the possibility of a phase change in the o
alloyed quantum dots ternary quantum dots. In fact, the elemental composition data
. i . . N are in excellent agreement with the theoretical values predicted
Figure 3 shows results obtained from reaction kinetics

elemental composition. and transmission electron microsco ' from the stock Se/Te molar ratios and their kinetic rates. For
P ' IDyexample, we found that under cadmium-limited conditions

gti '\g)f ézj_?;ez ’ ;herokl'rrfgt(; ldagg (k?lze Itr;](::tcg;e(;gh;é g]n?j ?f:g\tlvtt::e injected Se/Te ratios of 75:25, 50:50, and 25:75 resulted in
IS approxi y dou nanocrystal compositions of 61:39, 34:66, and 15:85, which are

(36) Tolbert, S. H.; Alivisatos, A. PSciencel994 265, 373-376. Tobbert, 5. Nearly identical to the predicted values of 60:40, 33:67, and
H.; Alivisatos, A. P.Annu. Re. Phys. Chem1995 46, 595-625. 14:86.
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Figure 4. Comparison of the emission spectra among CdSe, CdTe, and
CdSe 34T ey 66 quantum dots at three particle sizes. For each size series (a)

(c), the binary dots and the alloyed dots (either homogeneous or gradient)
were synthesized to have the same overall diameter (accurate to within L
5—-10%). e it

i

Evidence for the alloyed internal structures also comes from Figure 5. Transmission electron microscopy (TEM) images of a series of
the finding that the quantum dots can be tuned to emit light gg;g;f;ztg”irgr‘]’gt‘ag?gz)éz(soﬁr%?’g' 0.66, 0.85, 1.0) showing their
outside of the wavelength range defined by the binary CdSe Y '

and CdTe nanocrystals. Figure 4 shows the fluorescence Spec”%\lloys at all proporations, have provided compelling evidence

obtained from three size series 9f CdS?' CdTe, and_C.Q’B@( for the proposed alloy structures of the ternary CdSeTe quantum
guantum dots. In the 3.5-nm size series, the gradient alloyed ots

dots emit fluorescent light that is 145 nm longer than the binary o » . . .
CdSe dots and 50 nm longer than the binary CdTe dots. In the . Nonllnear Composition Ef,feq' To investigate the composi-
5.0-nm and 6.5-nm size series, the emission spectra of thetlon effect in a more quantitative manner, we have prepared
homogeneous alloyed dots are red-shifted to ca. 800 and 825and characterized alloyed quantum dots in a broad range of sizes
nm, respectively. In each of these size series, the particle sizes"’lnd compositions. Figure 6 compares the absorption and
are constant within 510%, as judged by the TEM data (Figure quorgsceqce spectra for these do@s: and further shows.the
5). In the worst case scenario, the size of the CdTe dots would relationships between the composition and the absorption/
be 10% larger than the mean (5.0 nm) and the size of the emission energies. The bulk data are also included for com-
. ; 3 . o
CdSeTe dots would be 10% smaller than the mean. The emissiorPa/1S0n** The absorption and emission data show several
wavelength of the largest CdTe dots (5.5 nm) is expected to e resolved electronic transitions and clear band-edge fluorescence
730 nm, which is still shorter than the emission peak (780 nm) €mission, similar to those reported for high-quality binary
of the smallest Cd$eiTeves dots (4.5 nm). This simple  duantum dot3?32The plots, however, reveal a striking nonlinear
statistical analysis rules out particle size variations as the causd €lationship between the composition and the excitonic absorp-
of the large spectral shifts observed in Figure 4. tion and band-edge emission. There is no doubt that this
Further studies of the coreshell and alloyed structures might nonlinear relationship clauses the unusually large spectral shifts
be carried out by using high-resolution quantitative X-ray reported in Figure 4. In fact, alloyed quantum dots with a
photoelectron spectroscopy (XPS), because the escape depth dellurium composition between 30% and 100% should emit light
photoelectrons is dependent on both the emission energy ancbt longer wavelengths than the parent CdSe and CdTe dots. Also,

the shell thickness. Previous research by Cao and Bahas it is clear that the homogeneous alloyed dots of all sizes follow
shown that the XPS ratio data are distinctly different for eore & Similar nonlinear curve, reaching the lowest energy or the
shell and alloyed InAsZnS nanocrystals. But for the core depression” point at-60% tellurium content.

shell and alloyed InAsInP quantum dots (which are similar It is worth noting that the Vegard’'s Law for bulk and thin

to the CdSe-CdTe structures studied in this work), the escape film alloy materials is a linear function:Eaiy = XEa +
depth data are much less convincing. We believe that our (1 — x)Eg, where x is the mole fractiorEa, Eg, andEaiey are
elemental analysis results and the observed novel opticalthe band gap energy (or other properties) of pure A, pure B,
properties, together with the fact that CdSe and CdTe form and the alloy AB;— respectively)’ This law has been

7104 J. AM. CHEM. SOC. = VOL. 125, NO. 23, 2003



Alloyed Semiconductor Quantum Dots ARTICLES

(@)

Absorbance——— ) b)
Photoluminescence----------

3.5 nm particles

Bandgap Energy (eV)

Bulk Material

0 02 0.4 06 0.8 1
Composition (% Te)
950

(c)

900 Bulk Material

850 .
6.5 nm particles
800

750 3.5 nm particles
700
650

2.7 nm 600

Photoluminescence Maximum (nm)

550
450 500 550 600 650 700 750 800 850 900 0 0.2 0.4 06 08 1
Wavelength (nm) Composition (% Te)

Figure 6. Relationship between the composition and the absorption/emission energies for homogeneaqugl &dfieantum dots at different sizes: (a)

UV —vis absorption and photoluminescence spectra of ggi¥ey s quantum dots in the size range of 28.6 nm; (b) plots of the absorption onset energy

(in eV) as a function of tellurium content; and (c) plots of the emission peak wavelength (nm) as a function of tellurium content. Note that thenabsorpti
onsets are slightly lower in energy than the emission maxima.

successful in predicting the structure and function of many successful in explaining and predicting the nonlinear compo-
alloyed materials. For example, the optical absorption spectrasitional effect for bulk materials.
of bimetallic AgAu;-x nanoparticles follow a strictly linear Band Gap Engineering and BioimagingBulk alloying has
relationship with alloy compositioff. 4° However, this linear  been used to developed high-strength materials for mechanical
relationship is only a first approximation and is not strictly applications (e.g., aircrafts), biocompatible materials for medical
obeyed in several classes of semiconductor alloys. In particular,implants, and a broad range of semiconductor materials for
previous studies of bulk CdSeTe alloys have found a very strong optoelectronic applications (e.g., diode lasers and detectors). For
nonlinear effect, called “optical bowing®#' Thus, the nonlinear  alloyed nanostructures, our results demonstrate that three factors
effect observed in alloyed semiconductor nanocrystals is not (particle size, composition, and internal structure) can be used
caused by quantum confinement per se, although size confine-to control the quantum confinement effect, providing new or
ment could be a contributing factor. novel properties not available from individual components. This
We believe that similar mechanisms are operative in both insight opens the possibility of developing a variety of ternary
the macroscopic and nanoscopic alloys. According to a theoreti-and quaternary semiconductor quantum dots based on beth I
cal model developed by Zunger and co-work@r& the VI and Il1—VI materials33
observed nonlinear effect arises from three structural and puye to their far-red and near-infrared fluorescence properties,
electronic factors: (i) different ions in the alloy have different  the alloyed quantum dots are well suited for applications in in
atomic sizes, (i) these ions have different electronegativity vivo molecular imagintf—48 and ultrasensitive biomarker detec-

values, and (iii) the binary structures have different lattice tjon49.50 visible light has been used for cellular imaging and
constants. It is believed that relaxation of the antoation tissue diagnosi&.5? but optical imaging of deeper tissues
bonds to their equilibrium positions leads to local structural
ordering and a particularly large band gap reduction in CdSeTe- (44) weissleder, R.; Tung, C. H.; Mahmood, U.; Bogdanov, Nature
type semiconductor alloys. This theory has been remarkably Biotechnol 1999 17, 375-378.

Bremer, C.; Tung, C. H.; Weissleder, Rat. Med.2001, 7, 743-748.
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(39) Link, S.; Wang, Z. L.; EI-Sayed, M. Al. Phys. Chem. B999 103 3529- Frangioni, J. V.Nat. Biotechnal2001, 19, 1148-1154.
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(millimeters) requires the use of far-red and near-infrared light  In conclusion, we have reported a novel procedure for
in the spectral range of 65M00 nm. This wavelength range preparing large quantities of alloyed semiconductor quantum
provides a “clear” window for in vivo optical imaging because dots (CdSeTe) for continuous tuning of quantum confinement
it is separated from the major absorption peaks of blood and without changing the particle size. In addition to particle size,
water. In comparison with traditional organic fluorophot&s? our results demonstrate that two new parameters, composition
near-infrared-emitting quantum dots should allow more sensitive and internal structure, are available for tuning the optical and
biomolecular detection and multicolor optical imaging. Under electronic properties of alloyed semiconductor quantum dots.
photon-limited in vivo conditions (where light intensities are The concept of composition tuning is of course not new, but
severely attenuated by scattering and absorption), the largewe have achieved perhaps the first demonstration of how this
absorption coefficients of quantum dots (on the order df 10 concept works in a colloidal semiconductor system. With
cmt M~ ca. 10-20 times larger than those of common broadly tunable optical and electronic properties, this new class
organic dyes) will be essential for efficient probe excitation. of alloyed quantum dots should open exciting possibilities in
Unlike current single-color molecular imaging, multiwavelength designing novel nanostructures and in developing near-infrared-
optical imaging with quantum dots will allow intensity ratioing, emitting probes for multiplexed optical encoding and in vivo
spatial colocalization, and quantitative target measurements atmolecular imaging*>°
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