J. Phys. Chem. B003,107,489-496 489

Single-Step Synthesis to Control the Photoluminescence Quantum Yield and Size Dispersion
of CdSe Nanocrystals

Celso de Mello Doneg# Stephen G. Hickey, Sander F. Wuister, Daniel Vanmaekelbergh, and
Andries Meijerink

Debye Institute, Chemistry of Condensed Matter, Utrechéhsity, PO Box 80000,
3508TA Utrecht, The Netherlands

Receied: October 8, 2002

A comprehensive investigation is presented on the factors governing the photoluminescence (PL) quantum
yields (QYs) and size dispersion of colloidal CdSe nanocrystals. The temporal evolution of the ensemble PL
properties (absorption and luminescence spectra, QYs and lifetimes) during growth at different temperatures
(170-310°C) and different Cd:Se ratios was followed for several hoursg(®). The QY values increase

during the growth to a maximum and, after a variable time interval (from minutes to hours, depending on the
growth temperature), decrease gradually. Low QYs are due to poor passivation, surface disorder, and surface
degradation, which arise at different stages of the growth. High QYs can be achieved and maintained only
under an ideal combination of growth temperature, solvent composition, and Cd:Se ratio, which leads to an
optimum surface. The overgrowth of a fresh surface layer restores high QYs to CdSe nanocrystals with
decreased efficiencies because of surface degradation. The insight gained in this investigation enabled us to
achieve a high degree of reproducibility and control over the emission color (green to red), bandwidth (90
meV), lifetimes (30 ns), and quantum yields {586%) of colloidal CdSe nanocrystals without any
postpreparative treatment.

Introduction The influence of the initial ratio between the Cd and the Se

Nanocrystalline semiconductors have attracted great interestP'€CUrSOrs on the temporal evolution of the ensemble PL

over the past years because their properties are remarkabl)ggairr]]u;mczfrlgirc:;tci:ndSg(ﬂ\?g:f?’%ﬂ%‘ﬁg&%gﬂrgrooxtcvﬂtefso
different from bulk semiconductors and can be tailored by a 9 : ) y ’

A : s . TOPO=trioctylphosphine oxide; HDA hexadecylamine;
judicious control of particle composition, size, and surface. . S ! . )
These characteristics arise from several phenomena (viz.TBP= tributylphosphine; DOA: dioctylamine) has been in-

guantum confinement of charge carriers, surface effects, andvestlgated by Qu and Peﬁ@.The PL quantum yield was .
geometrical confinement of phonofs) and have turned observed to increase monotonically during growth to a maxi-

semiconductor nanocrystals into promising materials for many mum value (dubbr_e(_j the “bright pmﬁ?)_ and then“ gfad“a”.y R
applications, such as light-emitting dioded? lasers}'*? ho- decrease. The position and temporal width of the *bright point”,
lographic optical memorie&, photonic band-gap crystalé, the highest quantum yield, the growth kinetics, and the sharpness
ultrafast photonic switchesand biomedical tags for fluoro- of th.e.I.DL pea.lk were all report.ed to k?e strongly erendent on
immunoassays, nanosensors, and biological imatirg. the initial Cd:Se ratio (from 2:1 to 1:16§. The existence of

To realze ihis vide range of potential appications the (% 2% PO 88 LR S0 8 BOEet e O o iner
luminescent properties (i.e., emission color, quantum yield, y 9

luminescence lifetime, and stability) of semiconductor nano- a given set of initial conditions.

crystals must be strictly controlled. The development of a _Tz_alapin et aft investigated the distribution of properties
number of colloidal synthetic routes over the last years, Within énsembles of colloidally grownHV1 (CdSe and CdTe)

particularly for CdS&L-3 has yielded a remarkable degree of @nd IlI=V (InAs) semiconductor nanocrystals, by analyzing
control over the siZé-3 and shap®30.320f the nanocrystals. size-selected fractions. The CdSe and InAs colloids were
Although rather high photoluminescence (PL) quantum yields organometallically prepared by injection into a hot coordinating
(=40%) have been obtained by inorga#i@s2931.3538 or solvent (TOPO:TOP; growth temperatures: 300and 260°C;
organi@8:223335capping of colloidal CdSe nanocrystals, the TOP = ?I'noc.tylphosphlne), whereas CdTe nanocrystals were
control and reproducibility of the PL quantum yields has synthesized in an aqueous medium at 160An excess of the

remained an elusive issue. The core/shell CdSe/ZnS nanocrystal§neta! caﬂ?n precursor (Cd or In) was usedr:n all th][?e. cases. A;
illustrate very well this difficulty with reported quantum yields drastic difference was observed between the PL efficiencies o

ranging from 10% to 6004%2529.3L.3538 athough this is widely frgctions siz'e-selected.from the same ensemble and was at-
recognized as a successful passivation method. Despite this, onl);”bmed to d|fferenC(fesh|n surfac;g (_jlsor_der of thﬁ nantl)q(;i}"/_stals
recently some of the factors determining the PL efficiency of as a consequence of the Ostwald ripening growth mechartism.
nanocrystals have been properly addres&ed. The particles with the lowest growth rate within the ensemble
were assumed to have the lowest degree of surface disorder
*To whom correspondence should be addressed. Phergl-30- and therefore the highest PL quantum yield at any given reaction
2532226. Fax:+31-30-2532403. E-mail: C.deMelloDonega@phys.uu.nl. conditions34
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A large difference between the PL quantum yields of reported by Talapin et &P.to be the most adequate in achieving
individual CdSe nanocrystals within an ensemble has also beena slow growth and minimizing Ostwald ripening. In addition,
reported by Ebenstein et&lbased on the investigation of CdSe/ the TOPO:HDA mixture has been shown to yield higher
ZnS core/shell nanoparticles (ensemble quantum yields rangingquantum yields than TOPO alof&2°33High precursor con-
from 12% to 48%) by correlated atomic force and fluorescence centrations were used, because this has been demonstrated, both
microscopy. The results revealed the presence of a significantexperimentally and theoreticalfj;**4> to be important in
portion of dark particles (ca. 5070% of the ensemble) in all  achieving fast size focusing and slow defocusing. Following
samples® Samples with a higher ensemble QY were shown to Talapin et aP44> and Peng et af23344we use the term
have a larger fraction of bright particles, accompanied by an “ensemble” to describe the whole population of particles present
increased single-particle QY (from 37% to 94%). The sources in the colloidal solution at a given time and the term “monomer”
for this inhomogeneity, however, were not discussed. indicates any species, other than nanocrystals, containing Cd

Although the works reviewed abo%e35 have contributed  or Se which are necessary for the formation and growth of
to a better understanding of some of the parameters controllingnanocrystals after the hot-injection. The term “precursor” is used
the photoluminescence quantum yield of colloidal semiconductor to indicate the species containing Cd or Se prior to the hot-
nanocrystals, there are still many unanswered questions. Thenjection.
crucial role of the surface is clearly demonstrated by both Qu  The synthesis was carried out in a glovebox under Argon
and Peng? and Talapin et aP} but the mechanisms underlying  employing standard oxygen and moisture free conditions (less
the correlation between the surface quality and the growth than 5 ppm G and HO). A total of 20 g of TOPO, 10 g of
conditions have yet to be determined. For example, the role of HDA, and 2 mL of TEOF were placed into a 250 mL three-
the growth temperature was not addressed in both works. Mostneck, round-bottom flask and heated slowly to 380 At this
importantly, a comprehensive investigation of several parameterspoint, the heating mantle was removed, and the temperature
(viz. temperature and Cd/Se precursor ratio) in a single synthetic\yas allowed to fall. When the temperature had reached 300
system is still lacking. In this paper, we report on the temporal °c 10 mL of the TOP/selenium/dimethylcadmium solution,
evolution of the ensemble band-edge luminescence quantumcontaining a Cd:Se molar ratio of either 2:1, 1:1, or 1:5, was
yield for CdSe nanocrystals grown at different temperatures and quickly injected into the mixture using a syringe. After the
under different Cd:Se precursor ratios. The investigations are jpjection, the temperature was allowed to fall furthert50
carried out in one of the most successful coordinating solvents °C which is below the reported growth temperatt#& The
so far reported (viz. TOPO:HDA:TGH) in order to make the  reaction mixture was then stabilized at the desired growth
roles of the growth temperature and precursor ratio more evident.temperature (176280 °C). Small volume aliquots~0.1 mL)

In addition to determining the PL quantum yields, the band- \yere taken at regular time intervals after the point of injection
edge luminescence full-width at half-maximum, and the particle ang placed into 5 mL of anhydrous toluene. The resulting
sizes, we have performed room temperature decay time meassamples were further diluted with anhydrous toluene for
urements for the band-edge luminescence. Itis well establisheds;hsequent characterization. No further postpreparative proce-
in the literature that the exciton decay dynamics are strongly gyre was employed after sampling, except for the samples to
dependent on the surface properties of semiconductor nano+e jnvestigated by transmission electron microscopy, which were
crystals;™62325.3%42 glthough the details of this dependence and treated by precipitation with anhydrous methanol followed by
the nature of the emitting state are not yet fully understood. To regissolution in anhydrous toluene. The samples for optical
the best of our knowledge, this is the most comprehensive characterization were sealed in vials under argon before being

investigation to date on the f_actors controlling th_e quantumyield ramoved from the glovebox, thus preventing any contact with
of the band edge photoluminescence for colloidal CdSe nano- 4,

crystals. o . .
y Characterization. All optical measurements were carried out

promptly (within 12 h after the synthesis, unless otherwise
stated) on samples with a low optical density0(1 at the
Chemicals. Trioctylphosphine (TOP, tech. grade 90%), €emission maximum, 0:20.4 at 400 nm) in order to minimize
trioctylphosphine oxide (TOPO, 99%), hexadecylamine (HDA, reabsorption and avoid absorption saturation. Lifetime measure-
90%), anhydrous triethylorthoformate (TEOF, 98%), and water ments were performed on samples which remained under argon
free toluene were all purchased from Aldrich. Selenium powder inside the sealed vials. A Pico Quant PDL 800-B laser was used
200 mesh (99.99%) and dimethylcadmium (99.99%) were as the excitation sourcéd.= 406 nm, 55 ps pulse width, 2.5
purchased from Chempur and ARC Technologies, respectively. MHz repetition rate). The luminescence was filtered through a
All reagents were used as received with the exception of TOPO 410 nm cutoff filter, dispersed by a 0.1 m monochromator (1350
and HDA. Before use, both of these reagents were dried andlines/mm grating, blazed at 500 nm) and detected by a
degassed by heating under vacuum, TOPO at°ZD@or 4 h Hamamatsu photomultiplier tube (H5738P-01). Luminescence
and HDA at 180°C for 6 h. decay curves were obtained by pulse height analysis using a
Synthesis. Colloidal solutions of CdSe nanocrystals were Time Harp 100 multichannel computer card. The acquisition
prepared by a modified version of the high-temperature organo-time for a full time trace was typically shorter than 10 s.
metallic synthesis developed by Talapin et?®alThe main Photoluminescence spectra were acquired upon excitation at
modifications are a larger reaction volume, the addition of a 400 nm, using a 450 W Xe lamp as the excitation source and
dehydrating agent (viz. TEGH to ensure the removal of any  a double grating 0.22 m SPEX monochromator. The emitted
residual moisture present in the coordinating solvent, variable light was collected at 90 from the excitation beam and
growth temperatures, and different Cd:Se precursor ratios. Thecollimated into an optical fiber cable leading to a 0.3 m
use of TEOF was found to be necessary in order to achieve themonochromator (Acton Pro SP-300i, 150 lines/mm grating,
high degree of reproducibility reported in this paper for the blazed at 500 nm). An optical cutoff filter was used to remove
growth kinetics and the QYs. The coordinating solvent com- residual excitation light. The dispersed luminescence light was
position (67 wt %TOPO: 33 wt %HDA) was the same as that detected by a liquid-nitrogen-cooled Princeton Instruments CCD

Experimental Section
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camera (1024 256 pixels). The measurements were performed 1.0
on samples in open quartz cuvettes immediately after opening A =400nm
the sealed vials. To avoid photocurfdg® and/or photo- exc
etching3%47 short acquisition times<4 s) were used. UV
visible absorption spectra were recorded on a Perkin-Elmer
Lambda 16 UV/vis spectrophotometer. The excitonic transition
energy, derived from the maximum of the first exciton absorp-
tion peak, was used to estimate the average nanocrystal diameter
by fitting to a function calibrated to experimental data available
in the literature?!.22.27

The mean particle sizes for some samples of CdSe nano- 0.0

. . . 400 500 600 700
crystals were also determined by transmission electron micros- Wavelength (nm)

copy (FEI TECNAI G T20F-200 keV), and found to be in good  Ejgre 1. Room-temperature photoluminescence spectiug 400

agreement (i.e.£=10%) with the values estimated from the nm) of the coordinating solvent mixture (TOPO:HDA) after heating
exciton absorption peaks. Sample preparation for the TEM andto 330°C, diluted in toluene.

HRTEM measurements was done by placing a drop of the
colloidal suspension onto a carbon/pioloform film supported on
Cu grids and allowing it to dry under air at room temperature.
Considering the aim of this work, UVisible absorption
spectroscopy is a more convenient technique to estimate the< os
mean diameters of CdSe nanocrystals in colloidal suspensionsg
because it has the important advantages of probing the whole §
ensemble used for the quantum yield and lifetime measurements®
and allowing the analysis of the crude samples (as-prepared anc '1’3
after the measurements). g
Photoluminescence quantum yields (QY) were obtained by €
comparison with a standard (Rhodamine B in ethanol) and using
data derived from the luminescence and the absorption spectra§ *®
as follows: -

0.5

PL intensity (a.u.)

Absorbance
P

= 0
1— TN\ AD T=280C Lo 4
_ ST X 0.0 - - T - : : ; T T -
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) Figure 2. Temporal evolution of the absorption (left panels) and
where Tst and Tx are the transmittances at 400 nm for the photoluminescence (right panels) spectra of crude solutions of colloidal
standard and the sample, respectively, gggis the quantum CdSe nanocrystals during their growth at 240 (top panels) and@80
yield of the standard (90%, as indicated by the supplier, (bottom panels). The monomer concentration and the Cd:Se precursor
Exciton). The terma®x andAdsr give the integrated emitted ~ 'atio (1:5) are the same in both growth temperatures.

4 . . . . .
photon .flux (photons 's)) for th.e §ample and the standard nqetermined organic substance, which develops in the mixture
respectively, upon 400 nm excitation. Utmost care was taken ;5 heating. The amount of this substance is very small, as
to ensure a constant and reproducible position for the sample/;

. " judged from its absorption, and varies from synthesis to
standard holder and unchanged instrumental conditions through'synthesis, depending on the duration of the heating above 300
out the measurements. The values &by and AdDst are

. . °C. For samples of colloidal CdSe nanocrystals with low QYs
determined from the photoluminescence spectra corrected for(<10%)’ it is necessary to correct for the coordinating solvent

the instrumental response, by integrating the emission intensity, , inescence and competitive absorption. For samples with
over the deswed.spectral range. Only thg band-edge '”m'nes'nigher QYs, this correction was found to be unnecessary.
cence peak was integrated (any other luminescence bands, suc Figure 2 presents the temporal evolution of the absorption

as defect associated luminescence or solvent fluqrescence, Wergn 4 luminescence spectra of crude samples of colloidal CdSe
discarded as background). Correction for luminescence re-pan,crystals grown at two different temperatures (240 and 280
absorption was performed, based on the Lamb?aer law, °C). The intensities have been normalized to the maximum of
but was found to be unnecessary for optical densitisl. The 6 first exciton peak (absorption or band-edge photolumines-
accuracy of the method is estimated to £&0%, based on  cence) The CdSe concentration (67 mmol/Kg solvent) and the
duplicate measurements. Cd:Se precursor ratio (1:5) are the same in both cases. The
Cd:Se ratio was chosen based on the results recently reported
by Qu and Peng? which showed that, under the conditions
Influence of the Growth Temperature. To be able to employed in the investigation, a 1:5 Cd:Se ratio leads to the
distinguish between CdSe quantum dot luminescence andhighest quantum yields.
background emission, first the luminescence properties of the The growth of the particles is clearly evidenced in Figure 2
coordinating solvent mixture (TOPO:HDA) without Cd/Se by the shift of both absorption and emission spectra to longer
addition was investigated. Prior to heating, no emission could wavelengths. The relative intensities of the defect-associated
be detected. However, after heating to temperatures ab808 luminescence (a broad band with maximum-&00 nm, usually
°C, the solvent mixture shows a broad band luminescence inreferred to as “deep-trap emissiéh2339 and of the coordinat-
the blue upon excitation in the UV region (Figure 1). This blue ing solvent fluorescence (Figure 1 above) are weak, even for
luminescence exhibits a quantum yield a£8% and a strongly ~ the initial samples, and decrease in time as a result of the
nonexponential decayr(~ 4 ns) and is ascribed to an increase of the band edge luminescence quantum yield. The

Results
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Figure 3. Temporal evolution of the band-edge photoluminescence quantum yields (QY, blue up triangles), lifetineelsdown triangles),

fwhm (red circles), and particle sizes (D, green squares) of crude solutions of colloidal CdSe nanocrystals during their growth at four different
temperatures (170, 220, 240, and 280 from left to right). The temperature trends in each synthesis are also presented (bottom panels). The CdSe
concentration (67 mmol/Kg solvent) and the Cd:Se precursor ratio (1:5) are the same in all cases. Trend lines are added for each plot to guide the
eyes.

widths of the exciton absorption and of the band-edge lumi-
nescence peaks reflect the ensemble size polydispersity. A 100-. N
substantial difference in the growth evolution is observed ]
between the two growth temperatures. The temperature de-
pendence was investigated systematically for four different
growth temperatures (170, 220, 240, and 28). The temper-
ature trend for each synthesis is shown in Figure 3. The initial
cooling after the injection is the same in all cases. Each series
consists of a period of growth at constant temperature (170,
220, 240, or 280C) followed by an increase to two subsequent
temperature values, except in the case of the°T78ynthesis,

in which the temperature was raised to 24Dfor only a brief

time interval ¢~1 min) and then brought back to 17C.

The temperature dependence of the temporal evolution of
some selected ensemble properties (viz. particle sizes, quantum
yields, lifetimes, and full-width at half-maximum for the band-
edge luminescence) is summarized in Figure 3 for crude
colloidal CdSe nanocrystals grown at different temperatures. 10
The Cd:Se ratio (1:5) and the concentration of both Cd and Se ;
precursors (67 and 335 mmol/Kg solvent, respectively) are the { after 36 hrs
same in all cases. ' y ' ' ' ' ' L

The decay curves of the band-edge photoluminescence 50 100 150 200
provide important information on the recombination of photo- Time (ns)
induced charge carriers in CdSe nanocrystals. Nevertheless, theigyre 4. Representative examples of the band-edge photolumines-
lifetimes presented in Figure 3 can convey only part of this cence decay curves of crude solutions of colloidal CdSe nanocrystals
information. To illustrate this, Figure 4 shows the decay curves grown at 240°C (Cd:Se= 1:5), measured 12 (top panel) and 36 h
of some selected samples grown at 240(0.5; 20 and 120  (bottom panel) after preparatiofefc = 406 nm).
min of growth), measured 12 and 36 h after preparation. The
decay curves are nonexponential. As the growth proceeds, themodel, we use the time at 1/e of the initial intensity as an
nonexponential character decreases, and the exponential taiestimate of the lifetime, because it allows for a better comparison
observed for the most efficient quantum dots reflects the lifetime between samples than using models with various fitting
of the exciton emission due to radiative recombination. The parameters. An interesting observation is that for samples taken
analysis of the decay curves of the emission from samples takenat early stages of growth (less than 20 min of reaction time)
at early stages during growth is complicated. The nonexponentialthe luminescence decay curve changes significantly over time
decay curves have been analyzed by multiexponéhfiet248 at room temperature, indicating that structural relaxation of the
or stretched exponentfal*¢fittings. The nonexponential char-  CdSe nanocrystals occurs. The long exponential tait (100
acter is due to a large distribution of luminescence lifetimes ns) observed in the decay curves of the samples with quantum
for different particles because of different rates for nonradiative yields below~20% (see, e.g., Figure 4, 0.5 min) is longer than
processes in individual particles depending on the defect the exciton emission lifetime and is probably related to radiative
structure. Rather than trying to fit the decay curves to a certain recombination at defects. It is important to notice that the
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120 min
31074
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photoluminescence decay measurements and the lifetimesmportant to achieve high quantum yields50%) at growth
derived from them will be biased toward the brightest nano- temperatures equal to or higher than 24D. However, at
crystals within the ensemble, because the species emitting mordemperatures below 24€C, the behavior is clearly the op-
photons will give a larger contribution to the detected signal. posite: an increase in temperature improves the quantum yields,
This fact may be advantageously employed to provide further even though the ensemble growth rates become larger. Among
information on the distribution of properties within the ensemble, the temperatures investigated here, 2@0is the best growth
when combined with statistically unbiased averaged propertiestemperature and will thus be used to further investigate the
such as ensemble quantum vyields. influence of the Cd:Se ratio on the luminescent properties of
The correlation between the growth and the luminescence CdSe nanocrystals.
properties, and the strong influence of the growth temperature, Influence of the Cd:Se Precursor Ratio.The influence of
are evident in Figure 3. The full width at half-maximum of the the initial Cd:Se precursor molar ratio, while keeping the growth
band-edge luminescence peak will reflect the size distributions temperature constant at 24, was investigated for three
of the CdSe nanocrystals, thus being a good indicator of size different values (viz. 2:1; 1:1, and 1:5), chosen to cover the
focusing or defocusing. We did not observe a significant limits from a large excess of Cd precursor to a large excess of
difference between the widths derived from the exciton absorp- Se precursor. The CdSe concentrations for the syntheses with
tion or PL bands. Therefore, we are presenting here the fwhm’sthe 1:1 and 1:5 ratios were the same (viz. 67 mmol/Kg solvent).
derived from the PL peaks, because they are more accurateFor the 2:1 ratio, a lower concentration was used because our
The trends for the lifetimes follow very closely those of the experiments indicate that only a limited amount of Cd monomer

quantum yields, except for the initial samples (up to-39 is stable under the conditions prevalent during the synthesis.
min of reaction time) grown at 220, 240, and 280, which Concentrations exceeding this limit lead to precipitation of
will be discussed later. metallic Cd and uncontrolled growth of large 20 nm) CdSe

At 170 °C, both the QY and the lifetimes undergo a rapid Crystals, as evidenced by transmission electron microscopy, EDX
increase in the initial 10 min after the injection but stabilize at (energy-dispersive X-ray analysis), and X-ray diffraction analy-
rather low values after30 min (20% and-20 ns, respectively), sis. We note that the precipitation of metallic cadmium after
changing only when the temperature is raised to 2aGfter injection of Cd(CH), in hot TOPO under strictly water and
120 min. Simultaneously, growth accompanied by focusing is 0xygen-free conditions has also been observed by other gtdups.
observed. After 50 min, the size focusing stops, albeit the growth The best compromise between a CdSe concentration as close
proceeds. The brief temperature increase to 2@0has a as possible to those used in the other experiments and a
pronounced effect: the growth and size focusing accelerate, withsignificant Cd precursor excess was achieved for a 2:1 Cd:Se
a simultaneous increase of both the QY and the lifetime. As it ratio and a CdSe concentration equal to 37 mmol/Kg solvent.

will become clear below, the growth behavior at @is rather The temporal evolution of the particle sizes and the quantum
unique in this respect. The growth and the focusing are fasteryields, lifetimes, and full-width at half-maximum (fwhm) for
at 220 °C than at 170°C. Focusing stops after30 min, the band-edge luminescence for ensemble crude samples of

stabilizing in a narrower size distribution than that achieved at colloidal CdSe nanocrystals was followed for each Cd:Se ratio.
170 °C, whereas growth proceeds, although at a slower rate The results are presented in Figure 5. A zero-growth regime is
than in the initial period. The QY increases continuously, achieved for all three ratios but after different growth durations.
whereas the lifetimes are essentially constas8Q( ns) through-  Nevertheless, the final size is essentially the same in all three
out the growth. After 120 min, both the growth and the QY cases:~3.5 nm. The particles grow with size focusing and the
appear to approach a plateau. Raising the temperature to 23(olydispersity stabilizes in a minimum when the growth stops.
°C slightly decreases the QY and the lifetime, which however |t can be observed that growth under an excess of Se monomer
quickly recover. The final QY, lifetime, and size are the same leads to the slowest growth rate and the smallest size polydis-
as observed after60 min of growth at 240C. persity. For the 2:1 Cd:Se ratio synthesis, an extra TS

The CdSe nanocrystals grow quickly at 234G, with a solution was slowly added after 120 min of growth, so that after
pronounced focusing, and both the size and the size polydis-the addition the Cd:Se ratio was 1:5. The nanocrystals grow
persity stabilize~30 min after the injection. Concomitantly, after the addition, whereas the size polydispersity of the
the QY increases monotonically and reaches a maxinw2 ensemble does not noticeably increase, indicating that the extra
min after the stationary size regime was achieved. The size, Se promotes the growth of preexisting particles, rather than
polydispersity, QY, and lifetime remain essentially constant until leading to a new nucleation event. An extra Cd:Se solution,
the temperature is raised to 280, which leads to growth with ~ corresponding to 50% of the initially injected amount, was
size defocusing and decreases both the QY and the lifetime.slowly added to the 1:5 ratio synthesis after 230 min growth.
Raising the temperature to 28C results in an even more As expected, the extra addition induces growth of the preexisting
pronounced decrease in QY and lifetime and increase in the CdSe nanocrystals, without promoting size defocusing.
growth and size defocusing rates. The QY rapidly reaches a The narrowest observed fwhm (90 meV; Figure 5, 1:5
maximum for growth at 280C; however, it starts to decrease synthesis) implies a monodisperse ensemble (size dispersion
very shortly afterward. Higher temperatures make the QY and <59?933 comparable with samples after several stages of size-
lifetime drop even faster, until the ensemble of CdSe nano- selective precipitatio!2544even though no postpreparative
crystals is essentially nonluminescent. Simultaneously, growth treatment was applied in the present case. The narrow size
accompanied by focusing proceeds, becoming increasingly fastedistribution of the crude ensembles of colloidal CdSe nano-
as the temperature is increased further. crystals synthesized in this work is also evidenced by TEM. A

The results described above reveal a clear and yet complexrepresentative example is presented in Figure 6, for a sample
dependence between the ensemble quantum vyields of CdSef CdSe nanocrystals grown at 240 for 320 min (1:5 Cd:Se
nanocrystals and their growth temperature. This dependenceratio). The mean patrticle diameter is 4.1 nm, in good agreement
implies that there is an ideal growth temperature in the system with the size estimated from the exciton absorption peak (4.3
presently investigated. A zero-growth regime seems to be nm). Figure 6 also presents the HRTEM image of a single CdSe
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Figure 5. Temporal evolution of the band-edge photoluminescence quantum yields (QY, red circles), lifetitlae (p triangles), fwhm (green
squares), and particle sizes (D, red down triangle) of crude solutions of colloidal CdSe nanocrystals during their growtiCatrizigy three
different Cd:Se precursor ratios (2:1, 1:1, and 1:5, from left to right). Trend lines (solid) are added to guide the eyes.

down to just a few percent, but after 60 min of annealing, it
recovers to a high value (60%). It is interesting to notice that
the lifetimes for the 1:5 Cd:Se ratio synthesis do not follow
exactly the QY trend, but rather, they reach the maximum value
faster and do not decrease substantially when the QY starts to
drop, except after the addition of extra precursors, when the
lifetimes again follow the drop and recovery of the QY.

Discussion

The results presented in the previous section show how very
high band-edge PL quantum yields (up 1®©0% at room
temperature) can be achieved reproducibly for colloidal CdSe
Figure 6. TEM image of a sample of CdSe nanocrystals grown at ‘nanocrystals grown in the coordinating solvent 53 wt %TOPO:
Crons S T e s mts s nanetmsel o g e 20 W J0HDA: ZL Wt SATOP. without any posireparative
ensemble. A selected area electron diffraction pattern is presented intreatn:ent, when growth is carried out at an ideal tempe.rature
the top left inset. (2_40 C) and under an excess of S_e monomer. As Wl!l be

discussed below these growth conditions lead to an optimum
nanocrystal from the same ensemble and a selected area electrostirface passivation of the nanocrystals.
diffraction pattern. It can be observed that the nanoparticles are  To illustrate the degree of reproducibility achieved in this
well crystallized, with interplanar distances of 3.3 A, which is work, Figures 3 and 5 show the results for two different
consistent with the (101) planes of wurtzite CdSe (viz. 3.289 syntheses carried out under the same conditions (i.e., 1:5 Cd:
A). The crystal lattice appears to be faultless in all the CdSe Se ratio; [CdSe} 67 mmol/Kg solvent, growth at 24TC). It
nanocrystals investigated. can be clearly seen that the general trends are the same in both

The lifetime and the QY trends are strongly correlated for cases. However, small differences are observed between the two
all three Cd:Se ratios, even for the initial samples (Figure 5). syntheses with respect to the maximum QY (70 and 85%,
For the excess of Cd precursor, the QY quickly increases to arespectively), minimum fwhm (140 and 90 meV, respectively),
few percent and then drops to almost zero, showing that a Cdand stabilized nanocrystal diameter (3.3 and 3.5 nm, respec-
excess results in very low quantum yields. Addition of an excess tively). These differences probably arise from the hot-injection
of Se monomer revives the CdSe nanocrystals luminescence(e.g., from small variations in the duration of the injection) and
increasing the quantum yield to more than 10%. For the 1:1 from temperature fluctuations (specially during the injection and
ratio, both the lifetime and the quantum yield continuously heating from 15CC to the growth temperature).
increase in time, although the ensemble growth and focusing The role of the surface in determining the luminescence
stop at~30 min after the hot injection. When the lifetime of quantum yields of semiconductors has long been recog-
the band-edge luminescence has achieved its longest veB%e ( nizecf—6:23-2533345652 gand has been ascribed to the higher
ns) and a nearly single-exponential decay, the ensemble quantuntoncentration of defects at the surface (e.g., unsaturated bonds,
yield is still low (25%). ion vacancies, or disorder), which gives rise to a high density

Growth under an excess of Se monomer leads to the mostof mid-gap states acting as electron and hole tPapR2. The
efficient CdSe nanocrystals (quantum yields up-@0%). The surface properties are expected to have a large influence on the
ensemble quantum yield reaches the maximum value at aboutoptical properties of semiconductor nanocrystals, because of the
the same time as the growth stops and the fwhm reaches itshigh surface-to-volume ratio of small partics$.To understand
minimum, remains stable for~-60 min and then starts to  how the growth conditions determine the surface structure of
decrease. The addition of extra Cd:Se initially brings the QY CdSe nanocrystals, we will first discuss the contribution of each
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individual parameter (i.e., growth temperature and Cd:Se ratio) the surface structure. Surface annealing under an excess of Se
and later consider the effect of their combination. The solvent will favor Se-rich facets and therefore reduce the amount of
composition is known to have a large impact on the growth Cd dangling bonds. In addition, €&e nonpolar facets can
kinetics and on the quantum yields of CdSe nanocry3#&fs33 undergo spontaneous surface reconstruéficand polar Se
However, to make the roles of the growth temperature and facets, although requiring activation energy, will be more
precursor ratio more evident, the investigations reported in this effectively reconstructed by pair formation than the polar Cd
work were all carried out using the same solvent composition. facets®® Reconstruction leads to surface auto-compensation (i.e.,
Therefore, the influence of changing the coordinating solvent redistribution of the electronic density in such a way that both
will not be addressed. Cd and Se dangling bonds are saturated), thus moving the

The influence of the growth temperature can be understood Surface state energies away from the band“§ap.
in terms of the growth rates and surface annealing. The initial The use of an excess of the Se precursor (1:5, Figure 5) leads
period after the hot-injection is characterized by rapid growth, to the slowest growth and focusing rates and the narrowest size
which results in surface disorder, and thus low quantum yields. distribution (nearly monodisperse ensembles, fwhi®0 meV;
Surface ordering and reconstruction can subsequently take placeize dispersion-5%). This can be ascribed to a large monomer
during annealing, reducing the concentration of defects and oversaturation during the growtf>4% which is achieved
increasing the quantum yields. It is observed that 22@s the because of the much higher solubility of T©Be in TOP-
best temperature for this surface reorganization process to occuTOPO-HDA, in comparison to the Cd monomers. It can be
(Figure 3). Further, the use of such a low growth temperature argued that the slower growth rates reduce surface disorder and
has also proven to be very advantageous in maintaining highfacilitate surface ordering and reconstruction, thus being ad-
QYs (60-85%) for hours during the growth. In contrast, the vantageous for achieving higher QYs. Further, the excess of
high QYs (~85%) reported by Qu and Pefidgor growth at Se may also be beneficial because it prevents the formation of
290 °C under a 1:5 Cd:Se ratio were stable for ontg min metallic cadmium. As shown above (Results section), the
during the growth. injection of Cd(CH), in hot TOPO-HDA under strictly water

The lower QYs achieved &grown < 240 °C (e.g., 20% at and oxygen-free conditions leads to the formation of, @dich
170°C, Figure 3) imply that there is an activation energy for may cause the formation of n-doped (and thus nonluminescent)
surface ordering and reconstruction. This is clearly demonstratedCdSe nanocrystals.
by the fact that when the temperature is increased from 170 to The band-edge PL decay of TOPO capped CdSe QY
240 °C there is a concomitant improvement of the quantum 3% and CdSe/ZnS (QY~ 30—50%32533 nanocrystals has
yields, even though the growth rates increase. Higher growth been reported to be nonexponential with a lifetime~&—30
temperaturesTrown > 240°C, Figure 3) lead to faster growth  ns23253542|n this work, we have observed a wide range of
rates and therefore the surface roughening and degradatiorensemble decay dynamics for the band edge luminescence of
compete with surface ordering. Higher temperatures induce TOPO-TOP—HDA capped CdSe nanocrystals, going from
faster surface degradation (e.g5 25 min at 280°C, Figure strongly nonexponential decays with a 1/e lifetime~ef ns to
3), which reduces the luminescence efficiency shortly after the single exponential decays with a lifetime 30 ns (Figures
maximum efficiency has been reached. The surface degradatior8—5). The clear correlation observed between the trends for
is also observed at 24 but after much longer heating times the lifetimes and for the quantum yields implies that the exciton
(t > 120 min, Figure 5), as expected for a thermally induced radiative lifetime ¢rap) is essentially constant throughout the
process. Surface degradation can be stopped by quenching thgrowth process of the CdSe nanocrystals, whereas the rate of
ensemble of CdSe nanocrystals with the optimum surface tothe competing nonradiative decay proce#grap) varies,
room temperature. Furthermore, the slow addition of extra Cd/ depending on the surface structure (GY Arap/(Arap +
Se precursors to a solution of CdSe nanocrystals heated for 2508vrap); Where Arap = Trap 1). The decay of the high QY
min at 240°C, and thus with a decreased QY (25%), has the (=60%) samples is dominated by the radiative exciton emission
effect of bringing the QY back to a high value (60%), after 60 rate &3 x 10’ s71). The analysis of the band-edge luminescence
min annealing (Figure 5, 1:5). This clearly shows that the decay is complicated for the lower quantum yield samples,
thermally induced quenching sites are due to a degraded surfacebecause in this case the decays are characterized by a complex
because overgrowth of a fresh surface eliminates them. If the distribution of shorter lifetimes, depending on the nonradiative
guenching sites responsible for the decrease in the quantunprocesses dominating for different particles within the ensemble
efficiency to 25% were in the “bulk” of the nanocrystal, no of crystallites. In addition, the decay curves of samples with
recovery of the QY would be expected after growing a fresh quantum yields below~20% often presented a longer decay
surface over the quantum dot. The nature of this surface tail in the ~100 ns range, which can be ascribed to a defect-
degradation is still unclear, and it can be related to defect related luminescencg.

creation at the nanocrystal surface (e.g., ion vacancies) and/or |t js interesting to notice that the correlation between the QY
in the passivating shell (e.g., loss of ligands). This experiment and the lifetimes is not always present. A good example of such
also provides additional evidence for the surface model pre- 3 hehavior is observed in the beginning of the surface degrada-
sented above, implying that a fresh CdSe surface is initially tion for the 1:5 Cd:Se ratio samples grown at 2@XFigure 5,
disordered (QY decreases immediately after the addition, Figure1:5 synthesis), where the QY decreases without a substantial
5, 1:5) but becomes ordered upon annealing (QY increases 60change in the lifetime. This indicates that the surface degradation
min after the addition, Figure 5, 1:5). quenches the luminescence of a fraction of the ensemble,
An excess of Se monomer is essential to achieve high whereas the unaffected particles remain fully efficient. Because
quantum yields (Figure 5). The enhancement of the QYs after the decay measurements are biased toward the “bright” particles,
slow addition of extra Se or extra Cd:Se precursors (2:1 and the lifetimes will reflect the decay dynamics of the efficient
1:5 synthesis, respectively, Figure 5) clearly demonstrates thatCdSe nanocrystals. The lifetimes start to change only when the
the surface is responsible for the nonradiative decay. Therefore,QY reaches low values(30%). In this case, most photons will
the influence of the excess of Se can be ascribed to changes irbe emitted by the inefficient particles, which then compose the
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majority of the ensemble, and the kinetics of trapping/detrapping

will be reflected in the luminescence decay.

Conclusions

The key roles of both the growth temperature and the

de Mello Donegeet al.
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obtained, without any postpreparative treatment. Among the
advantages of employing these growth conditions are high (up g
to ~90%) and reproducible ensemble band-edge PL quantum

yields, relatively long time period (66120 min) during the
growth over which the quantum yields are at a maximum, no

defocusing of the narrow particle size distributions, and access

to a range of particle sizes 8 nm) through furnishing of

additional precursor solution. The results show that the surface

of colloidal CdSe nanocrystals is initially disordered and

undergoes ordering and reconstruction upon annealing. The
above-mentioned growth conditions favor surface ordering and
reconstruction, thus leading to an optimum surface, which is

defect-free and well passivated.
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