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Abstract: Normally the size dependence of the chemical potential is used to explain the growth dynamics
of semiconductor nanoparticles. Instead we show that very small CdTe nanopatrticles continue to grow at
high dilution, the growth rate is virtually independent of monomer concentration, nucleation continues after
the growth of larger particles has saturated, and the growth rate has a much greater nonlinear dependence
on particle size than predicted by theory. We suggest that nanoparticle growth is fast in the liquid phase
and then saturates as the particles change phase from liquid to crystal at a threshold size which depends
on the growth temperature and not the monomer concentration. The photoluminescence quantum efficiency
becomes high when tellurium is depleted in the reaction solution giving a cadmium enriched surface.

Introduction

20V,
C,=C, exp(—) 1)

I1—VI semiconductor nanocrystals have bright and spectrally r*RT,
narrow luminescence, and their optical properties are easily
tuned by variation of particle siZemaking them attractive for

a large range of optoelectronic devices such as photovofaics,
light-emitting displays, and biomedical taggin§High quality
particles are readily grown by colloidal methods, and classical
nucleation theories have been adapted to describe their dgrdtvth.

It is normally assumed that nucleated nanoparticles grow by

where C., is the solubility of a bulk crystalg is the surface
energy,R is the gas constant, andis the temperature. The
chemical potential of an ensemble of nanoparticles of radius
is equal to that of the monomers in solution. A particle of radius,
r, dissolves and grows whanis smaller and larger thart,
respectively. The growth rate is given’by

stepwise diffusion of monomers to their surfaces and adsorption da Ko/l 1

thereon. The particle growth rate depends on both the bulk and T T(r_* - F) (2)
surface energies and varies with the particle size because of

the changing surface area to volume ratio. In particular Ostwald for diffusion-limited growth and

ripening, the growth of particles (crystals or colloidal) at the

expense of other particles in the system, has sometimes been dr_ K (i . }) 3)
used to explain the growth dynamics of nanocrystals and the dt Rirer

observed focusing or defocusing in their size distribufiéh.
Ostwald ripening occurs when smaller particles start to dissolve

for a first-order reaction controlled process respectiviélyand

thus releasing monomers that are then used up by the IargerKR are constants. The derivation of eqs 2 and 3 uses only the

particles. The critical radius*, of a particle which experiences

first two terms of the expansion of the GibbEhomson

a zero growth rate depends on the monomer concentration in€quation. Hence the size dependence of the chemical potential

solution,Cy, as a result of the GibbsThomson equation, given
by’
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has been used to explain the dynamics of semiconductor
nanoparticle growti®15 Yu et al. show that the monomer

reactivity is affected by the choice of ligand. They suggest that
the chemical potential depends on the effective monomer
concentration, which varies with both the monomer concentra-
tion and choice of liganéf However Ostwald ripening may not

be valid in a binary semiconductor when one of the monomer
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Table 1. Reaction Conditions and Growth Parameters for Different Batches of CdTe Nanoparticles?

temp [Cd] [Te] m(DDA) m(TOP) m(TOPO) I n T
batch (°C) (mol L™7Y) (molL79) (9) ()] (9) (nm) (nm) (min)
A 140 [0.27] [0.06] 0.88 4.00 2.00 1.24 0.01 1.79+ 0.04 0.32+0.04
B 120 [0.27] [0.06] 0.88 4.00 2.00 1.400.02 1.65+ 0.04 5+ 0.1
C 160 [0.27] [0.06] 0.88 4.00 2.00 1.180.05 1.9+ 0.1 0.3+ 0.07
D 140 [0.27] [0.27] 0.88 4.00 2.00 1.180.05 1.78+ 0.08 0.4+ 0.1
E 140 [0.27] [0.13] 0.88 4.00 2.00 1.490.03 1.82+ 0.07 2.6+ 0.7
F 140 [0.27] [0.03] 0.88 4.00 2.00 1.190.03 1.76+ 0.07 0.304 0.05
G 140 [0.27] [0.01] 0.88 4.00 2.00 1.1 0.02 1.87+ 0.05 1.5+ 0.4
H 140 [0.13] [0.03] 0.88 4.00 2.00 1.660.06 1.8+ 0.1 2.6+ 0.7

aThe concentrations refer to the total volume of the DDA, TOP, and TOPO solution.

0.75

components is in excess, since the nanocrystal solubility would l

. . .. . . ——0.05 min
be different for both. It is also surprising that particles which - -~ 0.05 min (aged)
are in equilibrium with the growth solution do not dissolve in | -+~
the highly diluted solutions used for optical measurements. In
this paper we present extensive experimental evidence to show
that the size dependence of the chemical potential does not well
explain the size variation of CdTe nanoparticles with time. The
same ligands are used for all batches, so that ligand effects need
not be considered. An alternative explanation for the observed
dynamics is discussed.
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Since originally suggested by Murray et alhe tri-n-octylphosphine Figure 1. Absorbance of nanocrystals from batch A as a function of growth
oxide (TOPO), trin-octylphosphine (TOP) method has become very time. The error in the absorbance is abetit5%. The absorption spectra
popular for the preparation of cadmium chalcogenide nanoparticles are from samples withdrawn at specified times. The aged label refers to
including CdTe and more recently Hg¥Te2° This preparation uses samples stored in solution at room temperature for 3 days before measure-
dimethyl cadmium (Cd(Me) as the cadmium precursor. Unfortunately ment. The other samples were measured immediately after sampling.
this material is volatile, highly toxic, unstable, and pyrophoric, and Results and Discussion
Peng et al. showed that less dangerous cadmium precursors such as . . . -
cadmium acetate or cadmium oxide can be used to prepare CdSe Spectrospcopic Analysis of Particle S'_ZeF'gure 1 shows
nanocrystal§2?We use a similar “green” method with a hot injection ~ the absorbance spectra of the CdTe particles from batch A as a
process to make the CdTe particles. Cadmium(ll) acetate dihydrate, function of reaction time. Some samples were measured
TOPO, TOP, dodecylamine (DDA), hexadecylamine (HDA), and immediately and again after aging in the same solution at room
tellurium powder were purchased from Aldrich and used as received. temperature for 3 days. Each spectrum shows a clear resonance
Different batches of CdTe were prepared with a wide range of reactant attributed to the CdTe exciton. The resonance red-shifts with
and solvent concentrations and different temperatures as summarizetegction time as the particles grow. Figure 1 also shows that
in Table 1. Normally the Cd monomer is in excess. In a typical reaction the ghsorbance of the exciton peak changes significantly with
cadmium(li) acetate dihydrate and DDA were dissolved in TOPO at e - anq this suggests that the number of nucleated particles
140°C under constant nitrogen flow until a clear solution was obtained. also changes with time. Using the method of Yu e2&iye

The reaction mixture was stirred at the desired reaction temperaturef. d that th | trati f leated particles i
for at leas 1 h to ensure complete degassing of the solution. In the in atthe molar concentration of nucieated particles increases

meantime tellurium powder was dissolved in TOP at 280until a with time from (3.2 0.6) x 10 M at t = 0.05 min to a
clear yellow/green solution was obtained (sometimes this solution Maximum value of (4.6 0.9) x 10~* M obtained after a
was slightly cloudy). The resulting TOPTe complex was then injected reaction time of 10 min. As Table 1 shows, the growth dynamics
swiftly into the cadmium precursor solution, and the color changed were investigated for batches having a wide variation of [Te].
from clear to yellow usually immediately after injection and further However different numbers of particles may be nucleated for
changed from yellow through orange to red over the next few hours the different batches, which would affect the monomer con-
indicating the formation and growth of cadmium telluride nanocrystals. centration after nucleation. We estimated the number of nucle-
Samples were taken at different time intervals after injection (the 4164 particles as a function of the initial monomer concentration
time of injection was taken as= 0.) and diluted by a factor of 1_80 "N from absorbance data obtained after 3 min for the different
toluene for absorption and emission measurements. The particles Wereoatches We found that although the initial [Te] concentration
characterized by transmission electron microscopy (TEM) and X-ray ) ’

diffraction (XRD), and the results are included as Supporting Informa- varies by "f‘ factor of 27 (fr_om 0.01 to 0.27 M), the number of
tion. CdTe particles formed varies by only a factor of 4. Hence the
monomer concentration after nucleation is significantly different
(17) Talapin, D. V.; Haubold, S.; Rogach, A. L.; Kornowski, A.; Haase, M.;  for the different batches, and we now examine how this affects

Weller, H.J. Phys. Chem. B001, 105 (12), 2260. i
(18) Wuister, S. F.; van Driel, F.; Meijerink, Rhys. Chem. Chem. Phy03 the partlcle grOWth rate. i . .
5 (6), 1253. The energy of the absorption peaks is used to estimate the

g%gg gg:)séﬁgrc?ékf'ﬂn\./aon. ﬂi;es"tifn‘iew?i.jfg'ﬁéﬁﬁ”Qg}ifogsml.%mézgﬁem. size of the CdTe nanoparticles via comparison with pseudopo-

So0c.2006 128 7087.
(21) Peng, X. GChem—Eur. J.2002 8 (2), 335. (23) Yu, W. W,; Qu, L. H.; Guo, W. Z.; Peng, X. GChem. Mater2003 15
(22) Peng. Z. A Peng, X. GI. Am. Chem. So€001, 123 (1), 183. (14), 2854,
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Figure 2. Calculated heavy-hole exciton transition energies of CdTe Figure 3. Particle radius versus growth time for CdTe nanocrystals grown
nanocrystals evaluated by the pseudopotential metmcand effective at different temperatures. The data points are from experiments, and the
mass approximatiorm). The experimental data from TEM image3)(@and lines are empirical fits using eq 4.

X-ray diffraction (J) are also shown, as are data points taken from Rajh et tjime constants. As Figure 3 shows, eq 4 very well describes
al. (%),2> Masumoto et al. ¢),25 and Zhang et al.@).2” The lines on the . - o
calculated plots are a guide to the eye only. the variation of radius with time for all three_temperaturt_es_._Other
growth dynamic curves taken at 140 and with different initial
tential and effective mass calculations of the variation of band Te and solvent concentrations were also modeled and showed
gap with particle siz&*?5Figure 2 shows the transition energy the same good agreement. The parametgrs;, and r; are
of the heavy-hole exciton as a function of the quantum dot radius shown in Table 1 for the different conditions. The time constant
obtained using both approximations. The data points with error for the fast process is extremely short, and the transition radius
bars represent the energies of the exciton peak measured from, is virtually independent of [Te] for samples grown at the
the absorbance spectra and measured radii from TEM and X-raysame temperature. The parameterandt, have values in the
experiments. Our data and results from other size studies ofrange 2.4-2.6 nm and 26-400 min for growth at 140C with
CdTe® 28 agree well with the pseudopotential calculations but 7, > 74 in all cases. These latter values have a large error, since
not at all with the effective mass approximation. This is not the longest measurement time of typically 500 min is less than
surprising since the pseudopotential calculation includes non-the saturation time for the slow process. The good agreement
parabolic dispersion of the band-edge states and so provides &f experimental data with eq 4 raises some interesting questions.
better description than the more commonly used effective masswhy does the fast process saturate so quickly and at a particle
approximation, which breaks down when the exciton diameter sjze which is virtually independent of monomer concentration?
is small. A similar discrepancy between predictions of the Other authors have attributed a two-stage growth process to the
effective mass approximation and experimental results was alsodepletion of the monomer and Ostwald ripenifi¢® As the
reported by Rajh et & Both calculations are limited by the  concentration of the monomer is reduced, the particle comes
assumption of an infinite potential, and closer agreement with into equilibrium with its surroundings and approaches a zero
experimental results would be expected if the actual confinementgrowth rate at the transition radius. However the particle ensem-
of the electrons and holes were considered. This is not possibleble has a distribution of sizes so that subsequent growth is
without a free parameter, since the band offsets between thedescribed by Ostwald ripening with the dissolution of the smaller
conduction and valence bands of the semiconductor, and theparticles in the distribution and the growth of larger particles.
LUMO and HOMO energies of the stabilizer and solvent are This scenario cannot explain the saturation of rapid growth of
unknown. From Figure 2 it is possible to directly evaluate the our particles, since the critical radius, varies with monomer
particle size from the energy of the principal absorption peak. concentration, whereas the measured transition radiuss
Kinetic Analysis of Nanoparticle Growth. Figure 3 shows  independent of it. We also have experimental evidence for some
the nanoparticle radius as a function of growth time for three continued nucleation after saturation. Equation 4 shows that the
different growth temperatures. It is clear that there are two fast process is effectively complete after a saturation time of
distinct growth regimes. Particle growth is initially fast and ~5t; which is equal to 1.5 min for batch A. However, as shown
subsequently slows down. For all samples there appears to beabove, the particle number increases with reaction time up to
a transition radius at which the growth mechanism changes; 10 min, indicating that particles of radii smaller tharcontinue
the fast processes saturate, and the slower mechanism dominategs grow. Figure 1 provides extra experimental evidence that
We use an empirical model given by Ostwald ripening does not explain our observations. The
absorption spectra of the aliquot removed &t 0.05 min and
r=ro+ Al —exptr)) + Al — expt-try) (4) diluted by 180 in toluene is measured immediately after injection
of the precursor and again after aging in the same solution for
3 days. Surprisingly, despite the high dilution, the NCs continue
to grow at room temperature. The absorbance of the exciton
doubles after aging indicating a growth in the particle number,
(24) Stirner, T.J. Chem. Phys2002 117, (14), 6715. and the exciton peak shifts to lower energy, corresponding to a

(25) Stirner, T.; Kirkman, N. T.; May, L.; Ellis, C.; Nicholls, J. E.; Kelly, S. H H i ;
M.: O'Neill, M. Hogg, J. H. C.J. Nanoséi. NanotechnoBood, 1 (4), change of particle size from 1.2 to 1.5 nm. This continued

whererg is the radius after nucleatiomy = ro + A; andr, =
r1 + Az is the transition radius at which the fast and slow growth
processes saturate, respectivelyandr, are their respective

451, growth of small particles on aging in a highly dilute system at
(26) Rajh, T.; Micic, O. I.; Nozik, A. JJ. Phys. Chem1993 97 (46), 11999. : i
(27) Mastmoto, v.. Sonobe, hys. Re. B 1997, 56, 9734. room temperature occurs for aII_ reaptlor_l conditions and suggests
(28) zhang, H.; Yang, BThin Solid Films2002 418 169. that there can be no Ostwald ripening in the more concentrated

7676 J. AM. CHEM. SOC. = VOL. 129, NO. 24, 2007



Growth Dynamics of CdTe Nanoparticles ARTICLES

10— 1500 =, —cgs | ' ' .
i 4 027moll” ; < —e—CdSe
1 ~ L
1 E—*Q . v 0.12 mol L_1 —; o —m—CdTe
. 3 v % 0.03molL" 3 =2
cooqb® VU2 = 003moll" ] £1000 | i
g Foks , © 001mol L' g
1S 9]
£o001L %% s, ] @
5 0o 14 § 25
S1E-3 L v ] T
1E-3 Vv':odohwo - 2
[ Ve ® © °
1E-4 o S 0
1.0 15 2.0 25 3.0

Radius (nm) Particle Radius (nm)

. . . Figure 5. Melting point as a function of radius for different cadmium
Figure 4. dr/dtversus radius. The concentration labels refer to [Te]. [Cd] chgalcogenides. T%uf solid black squares are melting points measured for

o - . !
Vov?hser(\)/\./ils:fe [T(]Z%II] \I;vasfotg ZtQGmZ?Eple indicated with square data_points. some of our CdTe particles. The horizontal lines denote room temperature
' ’ (298 K, dotted), the CdTe synthesis temperature (413 K, dashed), and a

. ical CdSe synthesis temperature (593 K, solid).
growth solutions at the growth temperatures between 393 andtylo Y P ( )

433 K. The supersaturation changes during growth and is lower centration. Nucleation of some particles continues after satura-
at the saturation time dr; than at the sampling time df= tion, implying a sufficiently high monomer concentration.
0.05 min because of late nucleation and particle growth. Particles smaller than a second, smaller critical size continue
However the impact of both of these factors can be estimatedto grow in highly diluted solutions at room temperature. We
and are much smaller than the dilution used in the sampling. now attempt to explain these observations. Quantum dots have
Hence we can conclude that Ostwald ripening does not a high ratio of surface atoms to bulk atoms giving a size
determine the transition between the two growth regimes. dependent melting point as demonstrated by Goldstein et al.

We now further probe the effect of concentration on the for CdS2° The melting poinfT, varies with size according ¥
growth rate and investigate whether a transition from reaction

to diffusion controlled dynamics, as proposed elsewhecan T oxd — 2(§,— R 5)
explain the two distinct growth processes of our system. When T, 3 T
Ostwald ripening is neglected, i.e*, — 0, egs 2 and 3 become 3h )

dr/dt = Kp/rr* for diffusion control and d/dt = K/r* for . ) ) )

reaction control, respectively. A finite difference approach was WhereTois the bulk melting point, anR, the ideal gas constant.
used to find d/dt, which is plotted as a function afin Figure ~ The bulk overall melting entropygn = R[1 + 3 In(©46))],

4 for the different [Te] concentrations. The particle growth rate With ©s, ©1 denoting the Debye temperatures of the solid and

is initially high and saturates over a small range of particle sizes the liquid, respectivelyh is the average covalent diameter of
to a value over a 1000 times slower. This behavior cannot be the Cd and Te atoms. The curves in Figure 5 show the variations

of melting point with NC radius for CdTe, CdSe, and CdS. The
curve for CdTe was calculated using values@®rand©®, taken
from a study by Glazov et &k The melting entropy for the
CdSe theoretical curve was taken at 14.94 Jthil~1.32 The
melting points of CdTe NCs of known size were also measured
and plotted in the figure. The experimental data agree well with
the theoretical calculations within the small size range that could
be evaluated. The horizontal lines in Figure 5 indicate room
temperature, the CdTe synthesis temperature (413 K), and a
typical CdSe synthesis temperature (593 K). The melting radius
of CdTe NCs at 413 K is 1.72 nm which is close to the transition

highest concentration sample where the [Cd)/[Te] is 1:1. This radii shown in Table 1 for the same growth temperature. This
batch had other distinct properties compared to the others,Suggests that fast growth occurs when the NCs are in a liquid
implying a different growth mechanism: TEM showed Phase and the growth slows down by orders of magnitude when
that the crystals were elongated rather than spherical and thethey crystallize. Slightly different transition radii are observed
PL quantum efficiency was extremely low. The shape of the at the different growth temperatures as expected from Figure
dr/dt versusr function is expected from eq 1; there is a rapid 4- As mentioned above, extremely small particles continued to
saturation from a fast to slow growth rate as a transition radius 9roW in highly diluted conditions on aging at room temperature.
is approached. As illustrated in the Supporting Information, irrespective of the
Growth Kinetics Depend on Particle Phase.We have reaction conditions, growth stops at a limiting radius~af.5

identified some key results describing the kinetics of CdTe NC M. which corresponds to an exciton transition of 2.5 eV. Indeed
growth, which the current theories based on the Gibbs this continued growth is only observed when the initial particle
Thomson equation and Ostwald ripening cannot explain. The
dynamics are described by two processes with very different ) . _ _

time constants. The faster process saturates with a weII-definec{gi’g (ZET:;C?\}’Z\./;. Z,\;‘a‘l’: a'\\"ll-jjj;”g,\%g'rfg_”j- o aT”%%rifﬁggg,e)lyG?’(%‘ L33.
transition radius which hardly varies with the monomer con- (32) Jiang, Q.; Li, J. C.; Zhao, MI. Phys. Chem. B003 107 (50), 13769.

explained by a transition between diffusion and reaction
controlled processes: bo#p and K, are proportional to the
monomer concentration, and the range over whickaries is
very small so that bothrédt should almost change proportion-
ally as the concentration reduces with particle growth. The
inclusion of higher order terms into the expansion of the
Gibbs—-Thomson equation, which leads to egs 2 and 3, would
not be sufficient to explain the highly nonlinear dependence
of dr/dt with r. Indeed, as Figure 4 showst/dt is virtually
independent of [Te] concentration, in contradiction with
reaction and diffusion theories, except for batch D, the

(29) Goldstein, A. N.; Echer, C. M.; Alivisatos, A. Bciencel992 256 (5062),
1425
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radius is less than 1.5 nm. This is also illustrated in Figure 1,

w
o
™

which shows that nanocrystals removed after a growth time of —_ —s—PLQE
0.5 min, which have a radius of 1.69 nm, have almost identical & 251 | —e—Radius
absorbance spectra when immediately sampled and after 3 days. § 20 i
Our model can explain the limiting radius 6f1.5 nm above 2 L =3
which no room-temperature growth is observed. This value is £ 15+ e o %
equal to the room-temperature melting radius shown in Figure £ r — / 2
5, so growth also proceeds in the liquid phase at room *g 10 I y, 415 &
temperature. 2 5 /

We suggest that the growth of nanoparticles proceeds as g amn—w

PR | PR 1 1

follows. Immediately at injection the Cd-precursor monomers
(of unknown structure but probably stabilized by DDA and/or
TOPO) and Te-precursor (TOPTe) monomers are intimately
mixed. These precursor monomers may form a micellar system Figure 6. Variation of photoluminescence quantum efficiency and particle
since they are similar in structure to surfactants with a 'adius with time.

solvophobic head and a solvophilic tail. These quickly form a
population of nuclei, which are too small to be identified by
UV —visible spectroscopy since, as Figure 2 shows, the exciton
transition energy is>3 eV for droplets with radii< 0.8 nm.

An identifiable CdTe exciton absorption band is observed in
less than 1 min for all concentrations discussed. The CdTe
nanodroplets can grow quickly in the liquid phase since the
atoms are mobile and do not have fixed lattice positions. Their
size distribution increases with time as will be discussed in detail
elsewheré® As shown in Figure 1 there is evidence for
continued nucleation in the very early stages of growth. This
hardly affects the growth dynamics significantly since particles

o

10 100 1000
Reaction time (min)

1, 1.5:1, and 1.6:1, respectively. Growth in this regime is not
related to Ostwald ripening. This is checked by comparing
the absorbance before and after aging in a dilute solution
for 3 days. A slow dissolution of the nanocrystals in the

diluted solution would be expected if Ostwald ripening con-
trolled growth in the reacting solution. The absorbance peak
and line width of a sample from batch K grown for 300 min

was measured and found not to be affected by dilution and
aging.

Photoluminescence Quantum EfficiencyThe PL quantum
efficiency (QE) was measured as a function of reaction time,
grow very fast to their transition radius. The mechanism of the and the results are plotted on a semilogarithmic spale in Figure
nanodroplet growth is unknown and may involve a combination 6 for batch A'_ Apart from the. flrgt sample, the QE is Iow.when
of monomer transfer, nuclei transfer, and coalescence with the nanoparticles are in a liquid .phase and s.tarts to Increase
smaller particles. The latter process is likely in a vigorously slowly when the particles crystallize. A larger increase of PL

stirred solution. The different processes cannot be distinguishedIS obtained when the Te monomer is depleted and a maximum

kinetically according to their different dependences of particle value of 26'_7% Is obtained. This suggests that_ a .Cd rich
radius because the kinetics is dominated by the saturation ofsurface provides fewer defects for surface recombination. The

the growth rate by solidification. On reaching a certain size PL QE of the other batches increases similarly during the later

which depends on temperature, they transform into a truly stages of growth. An exception is batch D where the initial [Cd]/

crystalline state. This could happen as indicated by Sugimoto [Te] ratio is 1_:1 so that Te dgpletlon IS not ex_pected during
or Berrettini et aB*in a way that the core of the entity becomes growth. Fo_r this batch, the maximum PLQE_obtalned was 1'20./0'
crystalline and is covered by a somewhat amorphous shell. Cherf* Separation ,Of the nucleation and F?a”'c'e gr.owth rate Is
et al. report gradual crystallization on an amorphous nanoparticle"°rmally considered necessary to obtain monodisperse nanoc-

with a surface reconstructicfibut we have no evidence of an 'YStals. Despite continued nucleation in the early stages of
amorphous solid here growth, narrow PL linewidths between 25 and 45 nm were

. . . obtained for the nanocrystals. This compares well with values
Growth in the second phase is very slow (see Figure 3), the !
. S o of 23—55 nm obtained elsewhere for CdTe and CdSe nanoc-
size distribution is unchanged with tiriéand the Te monomer

) rystals1436
becomes depleted. Inductively coupled plasma spectroscopy

(ICP) was carried out on both the isolated crystals and the conclusions
reactant solution on removal of the nanocrystals. For batch A, ) )
the molar concentration of Te in solution saturates quickly after N conclusion we present a large amount of experimental
a reaction time of 30 min: [Te] is 2.% 10-3 M after 30 min evidence showing that the size dependence of the chemical
but has reduced to 2.8 10-* M after a reaction time of 120  Potential of CdTe nanoparticles has little influence on their
min, although the radii of the nanocrystals have only grown on 9rowth dynamics: very small particles continue to grow at high
average by 0.1 nm. Despite the depletion of the Te monomer dilution, the growth rate is virtually independent of monomer
the nanocrystals continue to grow, for batch A to a radius of concentration, nucleation continues after the growth of larger
25 nm after 23 h. and so become more Cd rich. The isolated Particles has saturated, and the growth rate has a much greater
crystals were measured by ICP after 30, 60, 120, 180, and 240nonlinear dependence on particle size than predicted by theory.
min. and the ratios of Cd:Te were found to be 1.2:1. 1.3:1. 1.3: nstead we suggest that nanoparticle growth is initially rapid in
the liquid phase and then becomes very slow above a threshold
(33) Piepenbrock, M. O. M.; Stimer, T.; Kelly, S. M.; O'Neill, M. In preparation. ~ fadius when the particles undergo a phase change from liquid

(34) Eg&et{g‘é (yz-)G%:oggaunv B.; Hu, J. G.; Strouse, G.JFAm. Chem. Soc.  to solid. The measured melting points of CdTe NCs of known
(35) Chen, X. B; éamia,'A. C. S.; Lou, Y. B.; Burda, &.Am. Chem. Soc.
2005 127 (12), 4372. (36) Qu, L. H.; Peng, X. G.J. Am. Chem. So@002 124 (9), 2049.

7678 J. AM. CHEM. SOC. = VOL. 129, NO. 24, 2007



Growth Dynamics of CdTe Nanoparticles ARTICLES

size agree well with the theoretical calculations of melting points rods. We suggest that the quantum efficiency of these systems
versus size. We also show that particles continue to grow atcan be improved by ensuring the depletion of the chalcogen
room temperature until they have reached a radius of 1.5 nmbetween monomer injections.
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