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Raman spectral characteristics. The PL spectra and their temperature dependences were measured from
room temperature (295K) down to temperatures as low as 15K, demonstrating that the exciton PL

Ic(zé‘;vords'. transitions followed the Varshni equation. The thermal quenching activation energy below 100K was
Nanocrystals relatively low, while the luminescence was strongly quenched as the temperature was increased above
Quantum dots 100K, probably pointing at change in the degree of carrier localization. The smallest (2.6 nm in size) CdSe
Photoluminescence nanocrystals isolated in the beginning of the nanocrystal growth had a relatively symmetric size distribu-
Low temperature tion and showed a single exciton emission band, while the samples isolated at later stages of the growth
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process showed negatively skewed asymmetric size distribution, indicating that the growth mechanism
of nanocrystals could be explained by the model of Ostwald ripening. The obtained results are expected to
be helpful for better understanding of the PL properties of quantum dots and their formation and growth

in non-polar organic solvents.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Semiconductor nanocrystals (monocrystals of sizes 2-10nm
in diameter), known also as quantum dots (QDs), are perspec-
tive inorganic fluorescent nanomaterials, which efficiently absorb
and emit visible light at room temperature as a result of the
quantum confinement of the exciton [1-3]. The size-dependent
photoluminescence (PL), broad excitation spectra and resistance
to photo-bleaching makes colloidal QDs quite attractive materials
for applications in bioimaging and optoelectronics. For example,
differently sized cadmium selenide (CdSe) nanocrystals emitting
from blue to red can be used as fluorescent biolabels [4-6],
components of light-emitting diodes [7], lasers [8], FRET sen-
sors [9], recording of fluorescent images [10], luminescent ink-jet
printing [11], etc. Therefore, achieving an effective control of
the PL of QDs has been a major goal for scientists in the field
of QDs synthesis and there are still unsolved issues of this
problem.

The width of the absorption and emission bands in the
QDs spectra is a result of homogeneous (thermal) and inho-
mogeneous broadening. The inhomogeneous broadening comes
from the polydispersity of the nanocrystal size [12]. There-
fore, the relative changes in the shape and the width of the
PL bands during the growth of QDs can be used as an indi-
cation for changes in the nanocrystal size distribution [13].
PL studies can be more informative when performed at low
temperatures, when the thermal broadening of the emission
bands is minimized and the effect of quantum confinement is
observed in its most clear form. Such studies for QDs prepared
by colloidal chemical methods are rare, although they are quite
popular for QDs prepared by physical methods (such as epi-
taxy). Most of the known low temperature PL studies of colloidal
QDs include investigations of the exciton lifetimes and excitonic
radiative decay [14,15], exciton fine structure [ 16], single dot spec-
troscopy [17], and quantum dots embedded in polymer matrices
[18,19].

In this work, we report studies on the PL properties of col-
loidal CdSe QDs as a function of the temperature, in the range
from 15 to 295K. The nanocrystals were prepared by the hot
injection method in liquid paraffin and were characterized by trans-
mission electron microscopy, elemental analysis (EDX), UV-vis
absorption, and PL and Raman spectroscopy. Measurements of
the PL at low temperatures intended to reveal the temperature
dependences of the energy of exciton radiative transitions in
nanocrystals of CdSe of different average size. Measurements at
different laser excitation power were also performed. Since the
CdSe QDs samples were obtained at various stages of the nanocrys-
tal growth, any changes in the shape of the PL bands could be
indicative for changes in the nanocrystal size distribution during
the growth process. The PL emission bands become narrower at
low temperatures due to decrease of the thermal peak broaden-
ing, which facilitates the detection of nanocrystal subpopulations
of different sizes in a heterogeneous sample. These studies, together
with electron microscopy observations, could provide informa-
tion about the processes that take place during the nanocrystal
formation and growth by the hot injection method in liquid
paraffin.

2. Experimental
2.1. Materials and reagents

Commercially available cadmium oxide (CdO, 99%) (Fluka),
tributylphosphine (TBP, 97%) and selenium powder (Se, 99.5%)
(Aldrich) were used in this study. Tributylphosphine selenide
(TBP-Se) dissolved in liquid paraffin (0.127 M) was prepared as
previously described [20]. Chloroform and methanol were of
analytical reagent grade from Labscan Ltd. (Ireland). All other
chemicals and solvents were of analytical grade and were used as
received.

2.2. Synthesis of nanocrystals

Nanocrystals of CdSe were synthesized in hot liquid paraffin
according to a previously reported method [20]. Briefly, cadmium
stearate precursor was prepared in liquid paraffin (15ml) from
cadmium oxide (50mg; 0.39 mmol) and stearic acid (1.6g) at
200°C. Tributylphosphine selenide precursor (1.0 ml) precursor
was injected to the reaction mixture at 250-260 °C and nanocrys-
tals of various sizes and optical properties were prepared by varying
the reaction time. The change in the average nanocrystal size during
synthesis was routinely measured by UV-vis absorption spec-
troscopy. For isolation of nanocrystals of a desired size, the reaction
mixture (or a desired aliquot of it) was rapidly cooled to room
temperature when the desired nanocrystal diameter was reached.
Four batches of CdSe nanocrystals of various sizes were prepared
by sampling at different time of nanocrystal growth: 10s (CdSe-
1), 20s (CdSe-2), 40s (CdSe-3), and 60s (CdSe-4). The obtained
nanocrystals were purified by repeated washing/centrifugation
with toluene and extractions with chloroform/methanol (1:1). The
purified nanocrystals were dried in a vacuum desiccator to obtain
dried fine powders.

2.3. Structural characterization of nanocrystals

The obtained nanocrystals were observed by using a trans-
mission electron microscope (TEM) JEM-2100F (JEOL) operated at
200 kV. The microscope was equipped with a probe for energy dis-
persive X-ray (EDX) spectroscopy.

The UV-vis absorption spectra of nanocrystals were recorded
using a double-beam UV/Vis spectrophotometer UV-190 (Shi-
madzu) at room temperature (25 °C) in quartz cuvettes. Absorption
spectra were measured in toluene, containing 1% TBP as a stabi-
lizer. The average nanocrystal size was calculated from the position
of the exciton absorbance maximum using empirical equations as
previously described [21].

The X-ray powder diffraction (XRD) analysis was performed on a
powder diffractometer Siemens D500 with CuKa-radiation within
20 range 20°-80°, a step of 0.05° 26 and counting time 5 s/step.

Micro-Raman spectra were recorded using a LabRAM HR800
spectrometer equipped with a cryogenic CCD detector. The laser
excitation line is 633 nm of a HeNe laser. The resolution of the
Raman spectra was ~1cm~!. All the measurements were per-
formed at room temperature.
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Fig. 1. Transmission electron microscopy (TEM; size bars represent 20 nm) images (left), size distributions (middle), and energy-dispersive X-ray (EDX) spectra (right) of

CdSe nanocrystals from samples CdSe-1 (a), CdSe-4 (b).

2.4. Studies of the nanocrystal photoluminescence at low
temperatures

For the PL experiments the nanocrystal powders were embed-
ded into potassium bromide (KBr) tablets in order to be placed
within the cryostat holder. For that purpose, dried nanocrystal
powder (~20 mg) was homogenized with anhydrous powdered KBr
(2 g) and compressed into tablets of suitable sizes (~2 cm in diam-
eter; 5 mm thickness) by using a tablet press. The PL experiments
were performed with a high resolution double monochromator
(SPEX Model 1404, f=0.85m) equipped with Hamamatsu R943
PMTs (GaAs photocathode) with thermoelectric cooler and in pho-
ton counting mode. The samples were placed in a closed cycle ARS
helium cryostat working in temperature interval from 295 down to
10K. Argon laser emitting at a wavelength of 488 nm (2.54 eV) was
used as an excitation source.

3. Results and discussion
3.1. Synthesis and structural characteristics of CdSe nanocrystals

Modern colloidal synthetic methods (such as the hot-injection
method) allow the production of relatively monodisperse in size
CdSe QDs [13,20,22,23]. However, optimization of the synthesis
protocols is usually needed in order to find out the suitable con-
ditions for the preparation of nanocrystals of the desired size
distribution. The four batches of CdSe nanocrystals in our case were
prepared by using the same synthetic protocol but varying only
the reaction time - larger nanocrystals were obtained at longer

reaction times. Investigations by transmission electron microscopy
(TEM) revealed that the obtained nanocrystals were of spheroid
shape (Fig. 1). Energy-dispersive X-ray (EDX) spectroscopy con-
firmed the elemental composition of nanocrystals, being composed
of cadmium and selenium (Fig. 1; signals for other elements, such
as copper, appear to be from the TEM grid). All samples contained
oxygen peak in the EDX spectrum, which appears to be from the
cadmium stearate precursor present in the samples. The presence
of stearate was also confirmed by the XRD analysis (see below).
TEM observation of the nanocrystals of smallest sizes (such as
CdSe-1, see Table 1) indicated a relatively uniform size distribution,
although the images were relatively unclear because the nanocrys-
tal sizes were quite small (2.5-3.0nm). The cadmium stearate
present in the samples could also be a reason for the observed low
resolution of TEM images. TEM images of larger nanocrystals (such
as CdSe-4) were clearer, indicating negatively skewed asymmet-
ric size distribution (Fig. 1b). The heterogeneity of these samples
was confirmed also from the PL spectra measured at low tem-
peratures (to be presented further) and was probably a result of
Ostwald ripening during the formation of nanocrystals in the lig-
uid paraffin medium (see the discussion in Sections 3.2 and 3.3).
X-ray powder diffraction (Fig. 2) studies confirmed the nanocrystal
size and the cubic crystal structure. The Cd-stearate precursor is
used in excess and is difficult to be removed completely from the
system. Therefore, all QD samples contain unreacted Cd-stearate.
For example, the peaks at 22°, 23.7°, and 45° 26 in the XRD pattern
of sample CdSe-4 (Fig. 2) appeared to be from Cd-stearate precur-
sor present in the sample. Diffraction peaks, characteristic for cubic
phase, appeared at 260 25.5° (111), 42.2° (220) and 49.2° (311).
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Fig. 2. XRD patterns of CdSe nanoparticles (sample CdSe-4) and cadmium stearate
precursor. The peaks at 22°, 23.7°, and 45° 20 in the XRD pattern of the CdSe-4
sample appear to be from Cd-stearate precursor present in the sample.

The lattice parameter (6.09 +0.04 A) was close to that for the bulk
cubic CdSe (6.05 A [24]), indicating a similar X-ray density of the
nanocrystals to that of the bulk material (our previous studies indi-
cated that in some cases the X-ray density of nanocrystals could
be higher than that of bulk material [25]). The diffraction peaks
appeared broad due to the small size of nanocrystals (for example,
fits with the Scherrer equation for the CdSe-4 sample in Fig. 2 indi-
cated crystallite sizes of 3.8 & 0.3 nm, which well corresponded to
TEM observation, ca. 4 nm).

The UV-vis absorption spectra of the nanocrystal samples are
shown in Fig. 3a. All spectra showed a characteristic absorp-
tion band in the visible region. The position (wavelength) of its
maximum appeared to be size-depended as a result of the quan-
tum confinement effect (the wavelength was shorter for smaller
nanocrystals). The energy of the lowest excited state, E(R), accord-
ing to a simplified version of the effective mass model of Brus [26], is
given by the following expression (Eq. (1)) thatis valid for spherical
nanocrystals of small radii R.

hZ
E(R) = Eg + W

Here, Eg is the energy band gap for the bulk semiconductor, h is
the Planck constant, mis the effective mass of the exciton. However,
the calculated energy E(R) for nanocrystals of a given radius R (using
Eq. (1)) is usually larger than the experimentally estimated values,
which leads to overestimated nanocrystal sizes if Eq. (1) is used for
calculation of the nanocrystal size from the UV-vis absorption spec-
tra. This represents a significant problem for nanocrystal synthesis,
where the size is routinely estimated from the absorption spec-
tra measured during the nanocrystal growth process. Therefore,
empirical polynomials relating the peak absorbance wavelength
and nanocrystal sizes have been derived for various Cd-based
quantum dots. The average nanocrystal sizes in our studies were
calculated from the position (wavelength) of the peak absorbance

(1)
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Fig. 3. (a) UV-vis absorption spectra, and (b) Raman spectra of the obtained QDs.
The spectra are given with offset for clarity.

wavelength (Aag)in the visible spectrum by using such an empirical
formula previously derived by Yu et al. [21] (Eq. (2)).

D =(1.6122 x 10"2)A% — (2.6575 x 10~%)A3
+(1.6242 x 1073)A2 — 0.4277A + 41.57 (2)

Here, A is the peak absorbance wavelength (in nm) (Aag in
Table 1), measured at room temperature, and D is the average
nanocrystal diameter (in nm). The energy of the lowest excited
state, Epg, was size-dependent (as discussed above) and was
calculated from the experimentally obtained wavelength of the
absorbance maximum Aag. The obtained data for the wavelengths
of absorbance (Aag) and PL (Ap.) maxima in the nanocrystal spec-
tra measured at room temperature (295 K), calculated nanocrystal
sizes and energies of the lowest excited states are summarized in
Table 1. It should be noted that the absorption spectra of samples
CdSe-2, CdSe-3 and CdSe-4 had a “shoulder” on the short wave-
length side of the spectrum while the smallest size dots spectrum

Peak absorbance (Aap) and emission (Ap.) wavelengths (measured at 295 K), sizes and calculated energies (Eag = 1239.85/Aap; EpL = 1239.85/Ap. ) for the five batches of quantum
dots used for the PL studies (the average size of CdSe QDs was calculated from AAB and well correlated with TEM data). The Stokes shift was calculated as Exg—Epy..

Sample Aag (NM) Size (nm) ApL (nm) Eng (eV) Epy (eV) Stokes shift (eV)
CdSe-1 526 2.6 556 2.357 2.230 0.127
CdSe-2 559 3.2 580 2.218 2.138 0.080
CdSe-3 574 3.6 598 2.160 2.073 0.087
CdSe-4 582 3.9 601 2.130 2.063 0.067
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only did not show it. Empirical polynomials (such as Eq. (2)) should
be verified for each particular QDs. Our previous studies [20] have
confirmed the validity of Eq. (2) for QDs prepared by the paraf-
fin method used in this current study. Also, QDs sizes calculated
with Eq. (2) were consistent with data from TEM observation and
XRD studies. For example, the calculated nanoparticle size (by using
Eq. (2)) for CdSe-4 was 3.9 nm, which corresponded well to the
size obtained from XRD (3.8 nm) and TEM (ca. 4 nm) for the same
sample.

The Raman spectra of the CdSe nanocrystals are shown in Fig. 3b
- CdSe-1 (with a LO peak at 200.0cm~1), CdSe-2 (with a peak at
205.7 cm~1), CdSe-3 (with a peak at 207.09 cm~!) and CdSe-4 (with
a peak at 207.5 cm~!). The observed peak values were close to that
of the bulk CdSe (210cm™1). The shift toward lower frequencies
was found to be size-dependent and could be attributed to the
phonon quantum confinement that is typical for semiconductor
nanocrystals within these size ranges [27].

3.2. Low temperature photoluminescence studies

The so-called normal band-edge photoluminescence of QDs is a
result of radiative decay of an electron that has been excited from
the valence to the conduction band and therefore its energy is a
function of the band gap [28]. The optical energy transitions in the
spectra of an ensemble of QDs at room temperature are not discrete
but appear as absorbance and PL bands. The width of these bands
is a result of homogeneous (thermal) and inhomogeneous broad-
ening, the latter coming from the polydispersity of nanocrystal size
[12]. Crystal defects could introduce potential energy states in the
band gap and excited electrons could be trapped at this state. The
radiative decay of electrons trapped at surface states to the ground
state causes the so-called trap-state emission, which appears in
the spectrum at longer wavelengths than the band-edge emission
[26,28]. Therefore, PL appears as one of the most sensitive meth-
ods for analysis of QDs, which allows one to obtain information and
to discriminate between different recombination processes, related
with various recombination centers in the nanocrystal lattice. In the
case of QDs PL measurements could provide information about the
energy levels and quantum confinement effects. The correct inter-
pretation of the PL peaks could also provide information about the
existence of excitons, the morphology of the hetero-interface, the
presence of defects and impurities, etc. As mentioned above, the
energy of the PL peak, its shape and width could provide informa-
tion about the average size and size distribution of the nanocrystals.
Since the homogeneous (thermal) broadening of the PL bands could
be minimized at lower temperatures, we performed PL measure-
ments at low temperatures (down to 15K) in order to investigate
the temperature dependence of the PL peak energy and to evaluate
the size homogeneity of the samples.

Fig. 4a and b represents PL-spectra of the four CdSe nanocrystal
samples at room temperature 295K and at 15K, respectively. The
spectra are normalized to the highest energy peak and the PL inten-
sity is presented in logarithmic scale to be easily observed. Most of
the emission spectra show two shoulders at the high-energy side
visible also in the room temperature spectra but more pronounced
at low temperatures, and a low intensity shoulder at the low energy
side.

The most intensive PL peak for the four different nanocrystal
sizes was shifted toward higher energies than the band gap of
the bulk CdSe (1.74eV at room temperature). The PL maximum
shifts toward higher energies with decreasing of the nanocrystal
size, which is a characteristic observation of quantum-size effects
for nanocrystals of sizes that are smaller than the exciton Bohr
radius (~5.6 nm for CdSe). For the CdSe nanocrystals under investi-
gation we found an empirical relation (based on the data in Table 1)
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Fig. 4. Normalized PL-spectra of the four CdSe QD-samples at 295K (top) and 15K
(bottom). To take into account the different features, the logarithmic PL curves at
each temperature were deconvoluted with a sum of Gaussians (Figs. 5 and 6).

between the position of the PL peak (Ap) and the average nanopar-
ticle size (Eq. (3)).

D =(1.087 x 107#)A2 —(9.982 x 1072)Ap; + (24.53) 3)

Here, Ap; is the PL peak wavelength (in nm), measured at 295 K, and
D is the average nanocrystal diameter (in nm).

The spectra of samples CdSe-3 and CdSe-4 are quite similar
probably due to the similar sizes of the respective nanocrystals (see
Table 1). This observation also corresponds to the relative similar
UV-vis absorption spectra of samples CdSe-3 and CdSe-4 (Fig. 3a).

The temperature dependent PL spectra for one of the samples
(CdSe-2) measured from 15-295 K are given in Fig. 5a. Fig. 5b illus-
trates the best fit of the low temperature (15 K) spectrum with five
Gaussians. The peaks are indexed as p0 -+ p4. The purpose of this
fitting procedure was to determine the nature of the respective
energy transitions.

Fig. 6a and b shows similar temperature dependences measured
for sample CdSe-1. In the latter case, the spectrum was fitted with
a combination of four Gaussians (p1 was actually missing in this
case). The spectra of CdSe-3 and CdSe-4 are best fitted with five
Gaussians similar to CdSe-2.

In order to clarify the origin of the constituent peaks of the spec-
tra the temperature dependences of the peak positions (the peak
energy) of p0O, pl and p2 are presented in Fig. 7 for CdSe-2. The
corresponding dependences for CdSe-1, CdSe-3 and CdSe-4 (not
shown here) reveal similar character.

Peak pO does not depend on the temperature and is situated
around 500 nm for all the four groups of samples (Fig. 7a). Its nature
is currently unclear. The temperature dependences of p1 and p2
correspond to the expected behavior for exciton transitions. The
observation of two exciton peaks, p1 and p2 in the case of CdSe-2
(Figs. 5 and 7) could be interpreted as an indication for the pres-
ence of two subpopulations of exciton states, corresponding to
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Fig. 5. (a) PL-spectra of sample CdSe-2 at various temperatures (from 15 to 295K,
log scale; offset for clarity); (b) PL spectrum of sample CdSe-2 (at 15K, log scale)
fitted with five Gaussians.
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Fig. 6. (a) Temperature dependence of the PL-spectrum of sample CdSe-1 in the
temperature interval from 15 to 295K, log scale; offset for clarity; (b) PL-spectrum
of sample CdSe-1 (at 15K) fitted with four Gaussians.
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p2 (c) from Fig. 5 for CdSe-2.

nanocrystals of average sizes 2.6 and 3.2 nm, respectively, the latter
of which is the predominant one. The energy shift between them
is 0.125 eV, which value together with the relatively larger FWHM
(full width at half maximum) (70 +- 100 meV) are thought to sup-
port this suggestion. In the cases of samples CdSe-3 and CdSe-4
two peaks are also observed, with a similar behavior to that of
p1 and p2. Additionally, all samples reveal low energy shoulder of
lower intensity and larger FWHM labeled with p3. However, the
relative intensities of these three emission peaks might not be pro-
portional to the number of QDs in the respective subpopulations
because of at least two reasons: (i) the PL quantum yield of QDs
may depend on many different factors [13], and (ii) the emission
from the largest dots in the size distributions might be enhanced
by Forster resonant energy transfer (FRET) from smaller dots [29].
The latter could be a possible explanation for the observation of
peak p3 in the spectra of all four different samples if it is ascribed
to subpopulation of larger size nanocrystals. The existence of a
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subpopulation of smaller nanocrystals could also be associated with
the appearance of a “shoulder” on the shorter wavelength side of
the main absorbance band in the UV-vis spectra for CdSe-2, CdSe-
3 and CdSe-4 shown in Fig. 3. Finally, the peak p4 is ascribed to
surface-state-mediated recombination [30,31].

Additional low temperature measurements were performed at
various intensities of the laser excitation light by using suitable fil-
ters for changing the intensity of the laser light. The obtained results
for the CdSe-2 are presented in Fig. 8. The observed linear depen-
dence for peaks p1 and p2 on the intensity of the laser excitation
beam confirms their excitonic character [32].

The temperature dependence of the energy gap of bulk semi-
conductors is known as the Varshni relation [33] (Eq. (4)).

TZ
ai
T+8

Here, Eg¢(0) is the energy gap at OK, « is the temperature coeffi-
cient, and the value of f is close to the Debye temperature of the

Eg(T) = Eg(0) - (4)

Table 2
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Fig. 9. Arrhenius plots - integrated PL intensity variation of the exciton transition
as a function of the reciprocal temperature for CdSe-2, peaks p1 and p2.

material. The experimental data for the four QDs were fitted to the
Varshni relation. Eq. (4) fits very well the high temperature range
100-295 K (Fig. 7 b and ¢, fits for CdSe-2) consistent with the known
temperature dependence of bulk semiconductor band gap. How-
ever, at temperatures lower than 100K obviously the PL energies
deviate from Varshni equation, plateau and even “S-shape” behav-
ior is observed pointing out at involvement of different mechanism
connected with relaxation dynamics of localized carriers and con-
finement. Indeed, better fits in the low temperature range were
obtained (Fig. 7b and c) if a modified equation (Eq. (4a)) was used:

T2 o2
T+8 kT’

where the parameter o represents a measure of the depth of local-
ization potentials [34] and k is the Boltzmann’s constant. Similar
behavior is observed in quantum dots and in quantum well struc-
tures, where it is explained in terms of localized exciton freeze-out
at low temperatures, followed by the onset of thermalization of
excitons with increasing temperature [34].

The values for the fitting parameters for all samples are shown
in Table 2. The fitted parameters are consistent with the values
given in the literature for bulk CdSe: (2.8-4.1) x 10~4eV/K for «
and (181-315) K for B (Ref. [35]). The o values reveal localization
energy ~2 +4meV from fitting the transition peaks.

Further we studied the intensity variations of all peaks as func-
tion of temperature to get a clear picture of the thermally induced
processes. The Arrhenius plots of the integrated PL intensities from
the exciton-transition related PL emission as a function of inverse
temperature are shown in Fig. 9 for sample CdSe-2. The plots sug-
gest the existence of two relaxation processes having different
activation energies the dependence being of the form [36]:

E¢(T) = Eg(0) — (4a)

_ lo
1T = 1+ C; exp(—Eay /KT) + C; exp(—Eay /kBT)’ )

Fitting parameters from the Varshni equation (Eq. (3)) describing the temperature dependence of the main exciton transition peak (p2). The correlation coefficient (R?) for

each fit is also given.

Sample E4(0) (eV o (eV/K) B(K) R? o (meV)
CdSe-1 p2 2.281 + 0.001 (2.7+0.1)x 104 230 £ 20 0.994 21+0.7
p2 2.185 + 0.002 (25+02)x 104 220 + 20 0.995 28+ 0.8
CdSe-2 pl 2.308 + 0.007 (24+03)x 104 255 + 20 0.994 46 + 0.7
p2 2.123 + 0.001 (29+0.1)x 104 320 +£ 20 0.974 25+08
CdSe-3 pl 2.278 4+ 0.003 (4.8+0.4)x 104 284 + 20 0.975 45 + 0.7
CdSe-4 p2 2.104 + 0.001 (2+£0.1)x 104 220 + 20 0.986 27+08
pl 2.264 + 0.002 (41+03)x 104 255 + 20 0.988 43 + 0.5
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Table 3
Values of the low- and high-temperature activation energies Ea; ».

Sample Ea; (meV)(atT<100K) Ea, (meV) (at T>100K)
p2 pl p2 pl
CdSe-1 0.34 - 39 -
CdSe-2 0.73 0.78 10.6 16.9
CdSe-3 0.21 0.11 7.3 3.1
CdSe-4 0.13 0.17 9.5 8.8

where Ea;, are the activation energies of the low- and high-
temperature quenching processes, C; , are constants independent
of temperature and Iy is the intensity at T=0K. The fits to the
experimental data by using Eq. (5) reveal the thermal quench-
ing activation energies Ea;, (Table 3) related to the depth of the
quantum-well confining potential for the carriers contributing to
nonradiative processes in the different temperature ranges. The
activation energies below 100K are very low while the lumines-
cence is strongly quenched as the temperature is increased above
100K probably pointing at change in the degree of carrier localiza-
tion. These energies vary also from dot to dot as a consequence of
quantum confinement. The finding that both the observed flatten-
ing of the PL peak energy in Fig. 7 and the PL quenching, related to
lower activation energy Ea; occur in the same temperature range
(15-100K) suggests that these two phenomena are correlated.
Assuming that the probability of radiative process in quantum-well
structure is independent of temperature the difference between the
thermal activation energies Ea; and Ea, might be due to different
degrees of carrier localization.

3.3. Model of CdSe nanocrystal growth in liquid paraffin

Photoluminescence measurements appeared to be a more sensi-
tive approach for detection of heterogeneity in the size distribution
than TEM, especially for the smallest nanocrystals, whose size was
comparable with the size resolution limit of the TEM technique.
Room temperature measurements of the PL may not always reveal
the existence of subpopulations of nanocrystals within an ensem-
ble because of the thermal (homogeneous) PL peak broadening.
It appears that in the beginning of the nanocrystal growth pro-
cess there were nanocrystals of uniform size distribution and the
size heterogeneity (the observation of a second subpopulation of
smaller nanocrystals together with the basic component) appeared
in the later stages of the nanocrystal growth. Other authors who
have previously obtained CdSe QDs samples with two dominant
sizes (showing a double peak behavior) have suggested a sec-
ond nucleation step and/or aggregated type of growth [37]. These
authors reported a heterogeneous nanocrystal growth regime, dur-
ing which nanoparticles with well-defined and very different sizes
could coexist in the solution. They found that the average size and
size distribution of the nanoparticles was primarily not controlled
by the usual focusing/defocusing (Ostwald ripening), rather by the
formation of “magic” sized particles.

However, our data are more likely to be explained by the model
of Ostwald ripening. This model of the growth kinetics of QDs in
the conditions of the hot-injection synthesis has been described
by Talapin et al. [38]. According to this model, the average size
and size distribution of the QDs are determined by the growth
and the dissolution kinetics. In Ostwald ripening, the largest par-
ticles in the ensemble continue to grow and the smallest dissolve.
Between these two cases there are particles having a nearly zero
growth rate [36]. However, a general analytical solution describ-
ing all processes during the evolution of the entire ensemble could
not be obtained and Ref. [38] describes the application of Monte
Carlo simulation in order to obtain statistical information about
the ensemble behavior. This theoretical approach has shown that

an initially symmetric normal particle size distribution evolves in
time (during the nanocrystal growth) toward an asymmetric, neg-
atively skewed one. The nanocrystals having a nearly zero growth
rate were situated at the left part (toward smaller particles) of the
entire ensemble at all stages of growth [38]. As seen, this model
quite well describes our experimental data, particularly the ini-
tial symmetric size distribution that evolves toward a negatively
skewed asymmetric one. In another report, Talapin et al. [39] pro-
posed that the nanocrystal fraction with the best surface quality
and, thus, with the most efficient PL quantum yield corresponds
to the particle size with the smallest net growth (i.e., the parti-
cles with a nearly zero growth rate that are situated at the left
part of the entire ensemble). All these findings appear to be impor-
tant and should be taken into account in future studies intended to
reveal more details on the mechanisms of formation and growth of
colloidal nanocrystals.

4. Conclusions

In this paper we reported results from low temperature PL stud-
ies on colloidal CdSe nanocrystals, prepared by the hot injection
method in liquid paraffin. The average nanocrystal size (from 2.6
to 4.3 nm for the various samples) was determined from UV-vis
absorption spectra and TEM observations. The temperature depen-
dencies (from 15 to 295K) of the exciton PL transitions were
found to follow the Varshni equation. At temperatures lower
than 100K the PL energies deviated from Varshni equation and
plateau behavior was observed pointing out at involvement of
different mechanism connected with relaxation dynamics of local-
ized carriers and confinement. The thermal quenching activation
energy below 100K was relatively low, while the luminescence
was strongly quenched as the temperature was increased above
100K, probably pointing at change in the degree of carrier localiza-
tion. The CdSe nanocrystals of smallest size (2.6 nm) were found to
be of uniform size distribution possessing a single emission band
in the PL spectrum. However, the CdSe samples obtained at later
stages of growth, showed an asymmetrical size distribution and
PL from a subpopulation of smaller nanocrystals found together
with the larger ones. We hope that the data reported here could be
helpful for better understanding of the nanocrystal growth of CdSe
nanocrystals and their PL properties.
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