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A diffusion-barrier model described the early evolution of size-dependent photoluminescence
emission from CdSe quantum dots formed by organometallic synthesis. Emission peak widths,
emission redshift rates, and nanocrystal growth rates all decreased to a minimum at a reaction
completion time. Growth after the completion time by Ostwald ripening was marked by a doubling
of the activation energy. The temperature dependence of both reaction completion rates and
photoluminescence redshift rates followed Arrhenius behavior governed by activation energies that
increased with solvent molecular weight, in this limited case. In stearic acid and in trioctylphosphine
oxide, the typical activation energies were 0.6+0.1 and 0.92+0.26 eV/molecule, respectively.

© 2005 American Institute of PhysidDOI: 10.1063/1.1921347

PhotoluminescencéPL) emission from colloidal CdSe Q. Traditionally, an activation energy would be extracted
guantum dot$QDs) can be adjusted within the visible spec- from the slope in an Arrhenius plot of (rate versus 1T,
trum from 475 to 645 nm. This versatility leads to numerouswhere T is the absolute temperature. Recently, a study of
photonic applications, such as optical fiber ampliﬁ'e7rs, CdSe QDs grown in stearic ac{®8A) used Arrhenius analy-
color displays using light-emitting diode arraysptical tem-  sis to estimate) from observed PL redshift ratdge., the
perature probe$.and biomedical imaging.Conjugation of changes in PL peak wavelength per change in reaction time
QDs with antibodies yields biomarkers that compete withbetween sequential samp]é%
traditional organic fluorescent tags in terms of biocompatibil-  In this letter, redshift rates and reaction completion rates
ity, excitation and filtering simplicity, and photostabilﬁf/. are used to compare activation energies for CdSe QD syn-
All of these applications prefer sharp emission peaks anthesis in TOPO versus SA. Although the values®fare
high photoluminescence quantum yiéld. specific for each materials system, the methods of estimating

Since QD emission is size dependent, colloidal growthQ and interpreting PL data to track QD growth are general
must be carefully controlled to achieve the target averagenough in principle to study the synthesis kinetics of many
radius with a narrow particle size distribution. Organometal-type | binary semiconductor QDs in various organic solvents.
lic synthesis routes were pioneeteshd modified” to pro- CdSe nanocrystals grew faster in SA than in TOPO, as
duce superior crystallinity and higher photoluminescenceshown by higher redshift rates in Fig. 1. In this Arrhenius
quantum yield** from hotter reactions, and to provide better pjot, the activation energy was proportional to the slope of a
surface passivatiott; " all by growing QDs in trioctylphos- [inear fit through data from each solvent. Using redshift

phine oxide(TOPO rather than in water. Peng & Peng ob- rates, estimates o varied with test wavelength, as shown
served that the reaction solvent strongly affected synthesis

kinetics™®
Early theoretical studies of nanocrystal growth rates em- 1
phasized Ostwald ripening;*’ whereby larger particles ok

grow and smaller particles dissolve, thus widening particle
size distributions when reactants are scarce. Researchers con-
cluded that narrower size distributions could be achieved
when nanocrystal growth was limited by diffusion rather
than by reaction rat&? Intuitively, the Gibbs-Thompson
equation helped explain why size distributions could widen
with synthesis time, if reactant concentrations were depleted
below the QDs’ size-dependent solubility threshjci’rég
From this, Weller’s group developed a comprehensive model
with several activation energies to simulate QD size evolu-
tion under a wide variety of organometallic synthesis
conditions'® In the limiting case of diffusion-controlled
growth before Ostwald ripening, organometallic synthesis KiIG. 1. Arrhenius plot showing the temperature dependence of PL redshift

netics should be characterized by a single activation energites observed at a test wavelength of 540 nm for CdSe QDs grown in
stearic acid(SA) and trioctylphosphine oxidéTOPO. The activation en-
ergy for diffusion in each solvent is proportional to the slope of the best line
¥Electronic mail: bryannet@vt.edu through each data set.
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sistent with the onset of Ostwald ripeningXat Reaction Time (s)

in Fig. 2, but the average activation energié@mpo FIG. 3. Evolution o_f PL.peak ernissi'on wavelength with reaction time for
=0.95+0.27 eV/molecule  versus Qsx=0.56+0.12 eV/ CdSe QDs synthesized in stearic acid. Curves show the modeled PL evolu-
. . > . tion, with the best fit completion time., indicated for each reaction
moleculg increased with the solvent's molecular weight emperature.
(Wropo=386.65 g/mole versusWs,=284.47 g/molg A
similar trend of faster QD growth in smaller molecular ) ] ) o
weight solvents was observed within the fatty acid solvent ~ Theoretically, Arrhenius analysis of redshifts is based on
systen?® In our case, the chelating functional groups ofthe first-order approximation that, is proportional to
TOPO and SA were different, so separate metal-organic ind\/dt, where\ is the PL emission peak wavelendih nm)
teraction energies might also have contributed to each actBndt is the reaction timein s). This result(2) can be derived
vation energy. from the effective mass approximation for spherical quantum
The synthesis of CdSe QDs in TOPO followed conven-dots” after differentiation:
tional methods with CdO as a precuré%For every mole of
CdO, there were 24.42 moles of TOPO with 0.509 moles of  g)\/dt« v<t))\2/R5. 2
tetradecylphosphonic acid, and 1.30 moles of Se dissolved in
13.46 moles of trioctylphosphine. For samples referred to a30 the degree that Ed2) is accurate, it is convenient to
grown “in SA,” the 3.777 g of TOPO in a standard batch wasmonitor the redshift rate as a way to track QD growth rate.
rep|aced with an equa| mass of a mixture of 95 wt. % SA andlO estimateQ from d\/dt, redshift rates at different tempera-
5 wt. % TOPO. The 5 wt.% of TOPO was included to insuretures are compared at a common test wavelength. Equation
there would be enough coordinating ligand, just in casd?2) shows how fixing\ minimizes sensitivity tdR. However,
stearic acid might not perform this function. Several reactiorfhe growth rate also depends Pl )], so that systematic
temperatures between 205 and 335 °C were used. Samplegriation of Q with test wavelength, seen in Fig. 2, may be
of the hot reaction liquid were extracted at progressivelydue to different rates of reactant depletion at different tem-
doubling time intervals, quenched in methanol, then resusperatures.
pended and diluted in toluene. Using a Hitachi F-4500 fluo-  Experimentally, redshift rates and PL peak widths both
rescence spectrophotometer, PL spectra were acquired t@nd to decrease to a minimumaspproaches a completion
room temperature with excitation at 370 nm. wavelength\., independent of synthesis temperature. For
A diffusion-limited model provides a framework for these QDs grown in SA\.is 590+5 nm. Coincidentally, in
analysis of PL data. The model only simulates QD growthFig. 2, as the test wavelength is moved above 590 nm, the
after nucleation and before Ostwald ripening, and it assumegstimate of Qsa for growth in SA doubles sharply to
that the number of nuclei remain constant during this1.25+0.05 eV/molecule, suggesting a change in the growth
period?® In that case, the average growth ratg, (in  mechanism. All of these observations are consistent with the
moles §%), of each QD is approximated by E(.), whereQ exhaustion of reactants &t followed by the onset of Ost-
is the activation energgin eV moleculél), T is temperature Wald ripening. For CdSe QDs grown in TOPQ. is
(in K), and k is Boltzmann's constant (in 560+5 nm. HoweverQopp could not be accurately esti-
eV molecule® K1), Ry is the average QD radiuén cm), mated from test Wavelengths near 560 nm due to a limited
[M ] is the molar concentratiofin moles cm®) of the lim- ~ range of chosen synthesis temperatures.
iting reactani(in this case organometallic Cd complexé3, To avoid syste_matlc var!at|ons Q W'th test wave-
is the diffusion coefficientin cm?s™), andLp is a charac- length, an alternative analysis methoo_l is developed. When
teristic diffusion length(in cm), which might represent the “® [,M_(t)]’ and Ry, are all expressed in terms df, (the
ligand barrier thickness or a reactant depletion distance in thggmaining fraction of the original moles of limited reactant
reaction solvent: then Eq.(1) becomes a differential equati@8), whereA,
is independent of and f. Integrating Eq(3) from an inter-
Vi = 4‘7‘_93‘,['\/'_(01[}7 eprw 9} (1) Mediate time after nucleation to a given reaction time
v Yl T | KT o vields an expressiof¥) describing how reactants are gradu-
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FIG. 4. Temperature dependence of reaction completion rateMrom the
slopes, Qs is 0.65+0.07 eV/molecule and;ppp is 0.89+0.25 eV/
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than from redshift rates, reduces random and systematic

errors by analyzing overall trends rather than local trends in
PL evolution.

To summarize, growth of CdSe quantum dots during the
early stages of organometallic synthesis was described by an
analytical model of the diffusion and depletion of reactants.
PL spectra were a convenient way to track the Arrhenius
behavior of QD growth rates. Comparing growth in different
coordinating solvents revealed that the diffusion activation
energy increased with the solvent’s molecular weight, in the
case of SA versus TOPO. Compared to growth in TOPO,
CdSe nanocrystals grew more rapidly in SA and produced
narrow PL emission peaks at longer wavelengths, before the
onset of Ostwald ripening.
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ally depleted over a reaction completion tire The inter-

mediate precursor fractiofy is less than 1.0 because some

reactants are consumed during nucleafion:

df/dt=— A3, &)

fi = fi(1—{t-t}t)*2 (4)

Growth of the average QD radiu$) can be derived
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