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Abstract

We present studies on femtosecond to nanosecond fluorescence dynamics of aqueous solutions of cadmium telluride (CdTe) quantum dots (QDs)
with diameters of 3.1 and 3.6 nm. Ultrafast times in the range 200-320fs and 1.6 ps were determined, and assigned to electron relaxation to the
bottom of the conduction band and to recombination of trapped electrons and holes. These times are common to the relaxation mechanisms of QDs
in solution, and therefore suggests that intrinsic mechanisms for electron and hole relaxation dominate over surface effects, in agreement with other
reports. Additionally, times of ~40 ps, ~600 ps and ~20ns due to radiative transitions were recorded. These results are relevant to understanding
the photodynamics of CdTe and other QDs in water which should play a fundamental role in their signal when used in biological media.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Within the last two decades, the interest in semiconductor
quantum dots (QDs) has increased rapidly [1]. The physical and
chemical properties of semiconductor QDs differ from those of
the bulk materials. Due to quantum size effects, the bandgap
energy can be tuned and the formation of atomic like lev-
els occurs at the edges of the bandgap [2]. Therefore, many
properties of these materials can be systematically described
and understood in terms of quantum confinement effects [3—6].
These special properties have turned semiconductor nanocrys-
tals into promising materials for many potential technological
applications [7-12].

Though the basic properties of II-VI nanocrystals including
electron—hole energy states and optical transition probabilities
are well established and understood [13—15], there are a num-
ber of important issues relevant to primary photophysical and
photochemical processes that require further studies. Photolumi-
nescence properties of nanocrystals typically depend on surface
structure, chemical environment, migration of carriers and a
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number of interactions [16]. An understanding of these proper-
ties beyond simplified quantum dot considerations is necessary
for establishing photoluminescence mechanisms and developing
highly efficient light-emitting nanocrystalline devices or solar
cells.

Unlike nanocrystals of CdS and CdSe, whose structural and
luminescence properties, as well as their surface-related emis-
sion, have been examined in detail [2,17-21] considerably less
attention has been paid to cadmium telluride (CdTe) nanocrys-
tals. Several groups have performed the synthesis of CdTe
nanocrystals in various environments, showing that thiol-capped
CdTe QDs are some of the most robust and highly fluores-
cent nanoparticle materials synthesized in aqueous medium
and in other solvents [22-29]. However, the study of their
ultrafast luminescence properties is still in an early stage
[27-32].

Recent studies of CdTe nanoparticles in the fs-regime have
been carried out in chloroform [30], using CdSe/CdTe tetrapods
[30,31] and CdTe/CdSe core—shell quantum dots in toluene [32].
At the best of our knowledge, there is no report on the fs-regime
of CdTe nanoparticles in aqueous solutions.

Unlike femtosecond transient absorption or pump-—probe
laser spectroscopies, fluorescence up-conversion is unique in
its ability to probe the excited state without interference from
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other processes such as excited-state absorption or ground-state
recovery.

In this paper, we report on studies of time-resolved pho-
toluminescence transients of thioglycolic acid-capped CdTe
nanoparticles in a neutral aqueous solution. The obtained results
show arich dynamics with transient times ranging from 200 fs up
to 20 ns. We discuss the nature of the related events and propose
an energetic scheme for these excited QDs in water.

2. Experimental

Thioglycolic acid-stabilized (TGA) CdTe QDs were synthe-
sized as described elsewhere [16]. The duration of the heat
treatment was 1.5 h for sample 1 and 20 h for sample 2, result-
ing in CdTe QDs with average diameters of approximately 3 and
3.6 nm for samples 1 and 2, respectively, as determined by high-
resolution transmission electron microscopy (HRTEM). Prior to
the measurements, the samples were diluted by adding an aliquot
of a stable and concentrated aqueous solution of CdTe to neutral
water (Mili-Q) and D, 0O (Aldrich, 99.9%).

Taking into account the following equation: D =(9.8127 x
107723 — (1.7147 x 107 HA2 +((1.0064)A — 194.84))  [33]
where D (nm) is the diameter of the nanocrystal sample, and A
(nm) is the wavelength of the first excitonic absorption peak of
the corresponding sample, we calculated the average values of
nanoparticle size. The reported function provided fitting func-
tions of the experimental data which are valid from a nanocrystal
size range of 3-8 nm. We obtained diameters of 3.1 and 3.6 nm
for the QDs with the excitonic first peak of 543 and 588 nm,
respectively, a very similar result to that determined by HRTEM.

The UV-vis absorption and emission spectra were
recorded on Varian (Cary El) and PerkinElmer (LS-50B)
spectrophotometers, respectively. Picosecond time-resolved
emission decays were obtained using a time-correlated single-
photon counting spectrophotometer (FluoTime 200, Picoquant)
described earlier [34]. The excitation was performed at 371 nm
and the emission was detected at magic angle. The instrumen-
tal response function (IRF) was typically 65 ps. Time-resolved
emission transients were observed by using the fluorescence
up-conversion technique [35]. Briefly, the system consists of
a femtosecond (fs) Ti:sapphire oscillator (Tissa 100, CDP)
pumped with a 5-W diode laser (Verdi 5, Coherent). The pulses
(60 fs, 450 mW) were centred on 736 nm at 82 MHz repetition
rate. The light beam was doubled in 1-mm BBO crystal and a
dichroic mirror was used to separate the fundamental from the
doubled beam (368 nm) sent for sample excitation. Typically,
the energy of the excitation pulse at the sample was ~0.5nJ.
The remaining fundamental light was used to gate the emission
of the sample flowing in a 1-mm quartz-rotating cell. The emis-
sion was collected and focused into a 0.3-mm BBO crystal (type
I) using reflective optics. The gating pulse was time delayed and
focused into the nonlinear crystal to overlap with the sample flu-
orescence. The resulting up-converted signal in the UV region
was filtered, entered to a double monochromator and detected
with a photomultiplier tube. The IRF of the apparatus measured
by gating the Raman signal from solvent is 170 fs for a [-mm
sample cell. The data were deconvoluted with the IRF signal of

the apparatus and fitted to a multi-exponential function using the
Fluofit package. The quality of the fits was characterized in terms
of residual distribution and reduced x? values. All experiments
were carried out at 293 + 1 K.

3. Results and discussion
3.1. Steady-state and ps-resolved observation

The quantum yield of CdTe nanocrystals is directly related to
the used TGA/Cd ratio. Our particles were synthesized following
a previous procedure and using the same chemical precur-
sors, capping agent (TGA: size of the thioglycolic acid ligand
~0.47 nm) and solvent (water) [36]. Therefore, our particles pre-
pared with a TAG/Cd ratio of 2 should have a quantum yield of
15%, which also agrees with the 13.6% reported earlier for CdTe
QDs using the same TGA/Cd ratio [37].

Fig. 1 shows a TEM micrograph of the ~3.6 nm diameter
CdTe QDs, while Fig. 2 gives the absorption and photolumines-
cence spectra of both CdTe particles having diameters of 3.1 and
3.6 nm. The absorption spectra indicate that CdTe nanoparticles
have a wide range of absorption. Emission spectra (character-
ized by Gaussian lineshape and relatively narrow spectral width,
FWHM ~190 meV) show only a band-edge fluorescence peak,
which is slightly red-shifted from the absorption onset (global
Stokes shift ~1.6 eV) indicating that surface defects, rather than
lattice defects, must be responsible for trapping the exciton. The
same behaviour was observed for TGA, mercaptopropionic acid
(MPA) [26] and TOP/DDA (trioctylphosphine/dodecylamine)
capped CdTe QDs upon transfer into water [28].

Our emission spectra exhibit the band-edge emission. In a
previous work, its presence has been explained by invoking
different recombination mechanisms, such as recombination of
the delocalized electron—hole (e-h) pairs strongly coupled to

Fig. 1. TEM micrographs of 3.6nm in diameter CdTe quantum dots (QDs).
The inset shows a high-resolution image demonstrating good crystallinity of
the single QDs. In order to improve the contrast on the TEM microscope, the
samples were washed with isopropanol and redispersed in a water/DMF (1:100)
solution.
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Fig. 2. Room temperature UV-vis (dashed line) absorption and emission (solid line) spectra of a neutral aqueous solution of CdTe nanoparticles of (A) 3.1 nm and
(B) 3.6 nm diameter. The insets show the entire absorption spectra. For emission, the excitation wavelength was 370 nm for both samples.

lattice vibrations or recombination through localized states, pos-
sibly originating from surface effects [38]. The predominance
of band-edge fluorescence (due to exciton radiative recombi-
nation) over the fluorescence from deep-trap states (IR-band,
not observed) indicates a low density of deep-trap states, most
likely due to the nature of the surface capping agent, opposite
to what has been reported for CdTe QDs in glasses [39]. The
intensity maxima of absorption and emission bands are shifted
toward shorter wavelengths when the QD size is decreased.
This result is a consequence of quantum size confinement, and
the shifts for HyO and D,O solutions are similar. The exci-
tonic absorption peaks are centred at 543 and 588 nm for 3.1
and 3.6 nm diameter nanoparticles, respectively. The emission
peaks (586 and 634 nm) are shifted (relative to the absorption)
by 170 and 155meV (~1350 and 1236cm™!), respectively.
These global Stokes shifts are explained either in terms of strong
electron—phonon interaction or by the presence of localized
states (surface and/or defect) involved in the band-edge emission
[40].

To compare the ps-dynamics for both sizes of QDs, we will
focus on emission at wavelengths approximately correspond-
ing to the excitonic absorption peak (540 and 580 nm for 3.1
and 3.6 nm size QDs, respectively) and to the emission max-
ima for both QD sizes (580 and 630nm for 3.1 and 3.6 nm
QDs, respectively). We performed ps—ns lifetime measurements
for both QDs in water at different wavelengths of observation.
The ps-decays (not shown) were fitted using a multi-exponential
function (I = £;a; exp(—1t/t;)) through which we obtained three

Table 1

decaying components having times in the ps and ns regimes.
Table 1 gives the corresponding data.

Prior to the discussion of our results, we recall that a pre-
vious report [27] has suggested the existence of two kinds of
nanoparticles for thiol-capped CdTe QDs in water: one type dis-
plays surface traps due to incomplete capping, while the other
shows almost perfect surface and therefore only exciton lumi-
nescence. The observed emission decays in the thiol-capped
CdTe QDs in water are not single exponentials, and 2- and
3-exponential models failed to yield an accurate fit to the
experimental signal [27]. However, recent ps-experiments on
TOP/DDA (trioctylphosphine/dodecylamine) capped CdTe QDs
and transferred into water by the use of aminoethanethiol-HCl
(AET) or MPA reported a single exponential emission decay
(~20ns) assigned to excitonic luminescence from a nearly
perfect surface [28,29]. These previous works also show the
effect of both solvent and capping material on the emission
decays.

Very recently, a report on luminescence properties of thiol-
capped CdTe QDs in water shows that an increase in particle
size drastically reduces the short component and a single-
exponential decay yielding a fluorescence lifetime of 145 ns has
been recorded for MPA-capped CdTe QDs (diameter ~6nm)
[26]. This observation is explained in terms of stabilized Te-
related traps relative to the valence band position of the CdTe
nanoparticle, a result supporting the model proposing that the
luminescence properties are strongly influenced by the surface
quality and reflecting conditions of Oswald ripening growth.

Values of time constants (t;) and normalized (to 100) pre-exponential factors (a;) from the multi-exponential fitting function (/= X;a; exp(—t/t;)) of the ps—ns
emission decays of CdTe nanoparticles in water at different wavelengths of observation

QD diameter (nm) A (nm) 71 (ps) ay (%) 72 (ps) ap (%) 73 (ns) az (%)
500 40 70 575 15 17.9 15
31 540 41 38 485 14 21.2 48
’ 580 37 49 550 13 21.1 38
620 40 44 545 15 22.0 41
540 50 64 725 17 15.2 19
16 580 44 37 650 20 16.8 43
’ 600 47 39 830 19 17.3 42
630 48 45 710 14 17.5 41
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Here (Table 1), we observed multi-exponential decays
for the TGA-capped CdTe QDs. The shortest component
(r1=40=x10ps for 3.1 nm and 45 £ 10 ps for 3.6 nm nanopar-
ticles) is assigned to radiative depopulation due to band-edge
recombination or to e-h recombination at the surface [41]. The
contribution of this decay is larger at shorter wavelengths, being
the most important process among “radiative” transitions (see
pre-exponential factors in Table 1). This result, in addition to
the small influence of particle size on the decay time value, sug-
gests that the principal process for this decay is the band-edge
recombination, enhanced by a higher energy of the Te-related
traps with respect to the valence band position of CdTe [26].

The 485-850ps component (73), assigned to radiative
electron—hole (e-h) recombination processes due to surface
defects, becomes larger with the diameter of nanoparticles. It
changes form 535 = 50 ps for 3.1 nm to 740 £ 90 ps for 3.6 nm.
In both cases, the contribution of e~h recombination in the ps—ns
signal is weak (Table 1). The value of the ns-component (73)
is similar to that reported in previous works [26,28]. Its con-
tribution to the signal is significant and it increases with the
observation wavelength. However, the value of t3 decreases
from 21 £ 2 down to 17 & 2 ns with increasing particle size from
3.1 to 3.6 nm. This result agrees with that observed using dif-
ferent capping agents, such as TOP/DDA [28]. However, it does
not agree with the report on thiol-capped CdTe, which shows an
increase in the ns lifetime with the size of the particle, and where
longer lifetimes, up to 145 ns, have been observed [26]. These
differences reflect the effect of a small experimental-condition
change (fluctuation) in the preparation of larger nanoparticles,
and which controls thermodynamics and kinetics of growth. In
our case, rate constants of non-radiative processes due to deep
traps increase with the size of the QDs, leading to a decrease of
component lifetimes as we actually observe.

To check the possible influence of the H-bonding network
of water on the decay times, we carried out the same experi-

(A) 8 7 620 nm
6 — % 580 nm
3
S 4
8 540 nm
-
2 500 nm
T
1
R s 460 nm
0 1\___|___|-__| T T T ]
0 2 4 6 8
Time (ps)

ments using deuterated water, observing no significant changes
in both absorption and emission spectra, as well as in the ps-
decay times using non-H-bonding solvents. A few points should
be addressed here. First: in DO there is no aggregation of
CdTe nanoparticles. Second, possible H-bonding interactions
between water molecules and CdTe or the capping material
should be very fast, and may reshape the NPs surface. Thus, the
adsorbed layers of water molecules at the surface of the particles
may affect the whole relaxation dynamics which may involve
the dynamics of the water H-bond network. The H/D isotope
exchange may affect the global dynamics of water. Therefore,
water interactions should reshape the surface of the QDs affect-
ing the non-radiative e-h recombination at surface defects. On
the other hand, surface passivation due to the different interac-
tions of capping molecules with the environment might lead to
relaxed surfaces, and therefore to longer lifetimes, which seems
to happen in D0, where the value of ns lifetime increases. For
the 3.6-nm nanoparticles, the value of 73 changes from 17 & 1 ns
in H>O to 21 & 1 ns in D,0O, while we observed no change in
the other decay times (see supplement material). The present
result provides experimental evidence for the importance of H-
bonding interactions between water and the capping material on
the surface structure and emission decay times of CdTe QDs.
The increase in the fluorescence lifetime in D, O suggests a sur-
face passivation of the QDs, decreasing the non-radiative e-h
recombination rate at surface defects.

3.2. Femtosecond observation

To obtain information on the first events after excitation, we
gated the emission at the femtosecond (fs) time scale and at
different wavelengths of observation. Fig. 3 shows the obtained
fs-transients of CdTe nanoparticles for both sizes. Fig. 4 exhibits
a comparison of the transients at wavelengths corresponding to
(A) 540 and 580 nm for 3.1 and 3.6 nm QDs, and (B) 580 and

(B) 8

kcounts

Time (ps)

Fig. 3. Femtosecond-emission transients of (A) 3.1 nm and (B) 3.6 nm CdTe nanoparticles at different observation wavelengths. The solid lines correspond to the

best fitting multi-exponential functions. The dashed peak is the IRF (170 fs).
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Fig. 4. Femtosecond-emission transients of (A) the excitonic absorption peak and (B) the maximum of the emission spectrum of CdTe NPs in water for (O) 3.1 and
(A) 3.6 nm at different representative observation wavelengths. The solid lines are from the best fit using multi-exponential functions and the dashed peak is the IRF

(170fs).

Table 2

Values of time constants (t;) and normalized (to 100) pre-exponential factors (a;) from the multi-exponential fitting function of the fs-emission transients of CdTe

nanoparticles in water at different observation wavelengths

QD diameter (nm) A (nm) 71 (fs) ay (%) 72 (ps) ay (%) 73 (ps) az (%)
460 180 93 1.6 7
500 210 81 1.7 13 40%* 6
3.1 540 200 34 1.5 43 41* 23
580 220 —47 1.7 37 37* 16
620 240 —47 1.5 29 40%* 24
470 200 99 1.6 1
500 190 98 1.8 2
540 240 87 1.6 7 50%* 6
36 580 220 48 1.7 19 e 33
600 315 —49 1.6 25 47%* 26
630 320 —51 1.6 27 48%* 22

The sign (—) before the values of a; indicates a rising component in the transient. The (*) indicates a value measured in the ps—ns apparatus and fixed when fitting

fs-transients.

630 nm for 3.1 and 3.6 nm QDs, respectively. Table 2 displays the
values of the times (7;) and corresponding normalized (to 100)
pre-exponential factors (a;) of the fitting exponential functions
(I=%;a; exp(—t/t;)). The 50-ps time constant obtained from
the ps-measurements was fixed in the fit of the signal at this
short-time window. The two other components have times of
200-300fs and 1.6 ps.

Since the band gap for CdTe nanoparticles of these sizes in
water is ~2eV [42] (~16,132cm™!) and our excitation car-
ries 3.37eV (~27,147 cm~!, 368 nm), the excess of excitation
energy is about 1.37eV (~11,042cm™!) (Fig. 5). The absence
of a rising component in the signal at the short wavelengths
of observation suggests that the time necessary for an excited
electron to relax to the excitonic level (process Inr in Fig. 5) is
shorter than 50 fs (our time resolution). In a previous study on
CdSe QDs, the population of electron states is almost completely
established within the time scale of the pump pulse duration [43].
At the excitonic band, we observed a strong radiative emission
(band-edge luminescence).

In the following, we analyse the trend and shape of the tran-
sients and related times. The behaviour of the signals can be
divided into two categories reflecting two regions. Category
I corresponds to the range of short wavelengths up to ~540

% Tnr< 50 fs
M~
@ CB
31& 200-320 fs
= A
= 7
[} =
5 g 1.6 ps
™
\ 4 B
Y g 1h 200-320 fs
VB

Fig. 5. Schematic illustration of the energetic, electronic and related transitions
involved in CdTe QDs in water upon fs-excitation. VB: valence band; CB: con-
duction band. For the nomenclature of the transitions (Inr, le and 1h) see text
for details.
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(for 3.1 nm QDs) and ~580nm (for 3.6 nm QDs), and where
we observed fast decays (t1) of approximately 200 £ 50 fs, and
1.6 £ 0.2 ps. Category Il involves wavelengths longer than ~540
and ~580nm (for 3.1 and 3.6 nm QDs, respectively), and at
which we observed a rising component of a similar fs-time, and
a decaying component with a time of 1.6 ps. Clearly, the decay-
ing and rising fs-component is of a common channel connecting
both regions. It involves ultrafast events leading to the formation
of trapped excited and hot electrons (at the conduction band) or to
non-radiative relaxation of hot electrons and holes (1e and 1h in
Fig. 5, respectively). The path followed by electrons through the
conduction band and the jump of holes through the valence band
can be easily seen from transients recorded at different wave-
lengths that show a progressive increase in the rise-time (1) with
increasing the detection wavelength (Table 2). This value of the
decay time in the rising component slightly increases with QD
size (230 and 320 fs for 3.1 and 3.6 nm, respectively, Fig. 4B and
Table 2). Therefore, the related ultrafast event becomes less fast
when the surface/volume ratio decreases for smaller QDs. Note
that the corresponding decay value can be affected by the auto-
absorption of the emission that can take place at wavelengths
shorter than that of the excitonic peak. At longer wavelengths
of observation, such auto-absorption process cannot occur, and
therefore, the observed value is safe from the above-described
phenomenon. In addition to that, the behaviour of our transients
is similar to that obtained for CdS nanoparticles in water [44].
In those experiments, the emission peak is sufficiently shifted
with respect to the absorption band, so that auto-absorption of
emission is almost absent. The obtained transients for the whole
emission range showed trends similar to our transients. The
same behaviour was observed in CdS nanoparticles in AOT/n-
heptane reverse micelles [45]. Therefore, the observed 200 fs
decaying component should not be significantly affected by the
auto-absorption process at short wavelengths.

If we compare the obtained times with those for CdTe QDs
in chloroform (a solvent largely different from water), charac-
terized using fs time-resolved transient absorption spectroscopy
[30], we find that they are not very different from our results
in water. At 680nm the signal presents a rise-time of about
300fs and two decay components of 1.0 and 25 ps, approxi-
mately. Therefore, the ultrafast dynamics is not very sensitive to
the nature of the solvent, suggesting an intrinsic origin for their
mechanisms.

In the case of thiol-capped CdS QDs in water, the ultrafast
dynamics has been studied using fluorescence up-conversion
techniques [44]. They observed two different regions depend-
ing on the observation wavelength (just like here). In the first
region — wavelengths shorter than 550 nm — they obtained two
decay components of 1.0 and 10ps. Whereas in the second
region, around 650 nm, the transients present an initial rise-time
of 1.0 ps and a decay component of ~10 ps. For all the transients,
there is an additional component that could not be resolved in
the gate of observation, 30 ps. Clearly, for CdS QDs the two
shorter times are longer than those obtained for CdTe QDs in
water, ~0.25 and 1.6 ps. Note that the obtained 1-ps time of
the ultrafast component might be limited by the time resolution
(not indicated the related work) of the apparatus [44]. Never-

theless, in the case of CdS QDs prepared within Aerosol-OT
(AOT)/n-heptane reverse micelles (confining nanopool) contain-
ing water [45], with Wy =4.5 (Wy=[H,OJ/[AOT]), the results
are very similar to ours, obtaining times of 0.2 and 1.9 ps, for the
fast decays, in the region of 530-580 nm. Thus, for both CdTe
and CdS in water solution, short components having times of
200-300 fs and 1.5-2 ps are observed. They should reflect com-
mon ultrafast and intrinsic relaxation channels for electron and
hole relaxation, and recombination. As far as we know, no fs-
study has been carried out on CdSe NPs in water, probably due
to their large photosensitivity of their luminescence properties
[47]. Therefore, we cannot extend our comparison to these sys-
tems in water. Nevertheless, the ultrafast dynamics of CdSe in
chloroform shows comparable fs and ps times [21], re-enforcing
the idea that in the ultrashort regime, intrinsic mechanisms in
NPs deactivation dominate over surface defects.

In other NP systems, the short ps-decay time
(t2=1.6£0.2ps) has been assigned to Auger recombina-
tion [39], hole relaxation [46] or to recombination processes
due to shallow traps [14]. In our case, the absence of a rise-time
of this value in the longer wavelength region suggests that hole
relaxation is produced only within hundreds of fs and not in
the ps regime. The value of this fast time is approximately
the same for both particle sizes, and does not depend on the
gated region. However, the contribution (a;) of this component
to the signal changes with the size of the QDs as shown in
Table 2 and Fig. 4. The estimated number of absorbed photons
per one NP is one. We explain the decrease in the contribution
upon increasing the QD size in terms of a reduction of the
surface states acting as recombination centres. Larger CdTe
nanoparticles have a smaller surface/volume ratio and therefore,
a lower probability of the related recombination events to act at
the surface states.

To explore whether Auger effect has significant contribution
in this fast decay of our NPs, we studied the influence of pump
fluence on the transients. We reduced the fluence from 0.5 to
0.065 nJ, being the latter the minimum value at which we could
record a measurable signal. In the first case, and as said above
the estimated number of photons per nanoparticle is practically
one. We obtained no significant difference in the gated tran-
sients (not shown). This result suggests that under our normal
experimental conditions, Auger effects are absent or insignifi-
cant. Pumping with higher excitation fluence (~1 nJ per pulse at
82 MHz) apparently leads to decomposition of the nanoparticles.

At the fs-regime, we observed no differences between the
normal-water transients and those using deuterated water as sol-
vent at “normal” pumping conditions (see supplement material).
The result suggests that the possible H-bonding interactions of
water with the capping TGA groups (strong H-bonding accep-
tor and donor sites) should be very fast (less than 50 fs). As said
above, the ns-component becomes longer in DO (21 ns com-
pared to 17 ns in water). Another possible explanation is that
intrinsic mechanisms in radiative and non-radiative deactivation
dominate over surface defects, as it is supported by the similarity
of the ultrafast components in the relaxation of several NPs in
solution: CdTe in water (present study) and in chloroform [30],
and of CdS in water [44,45], and CdSe in chloroform [21].
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Following the proposed schemes of electron relaxation
dynamics in semiconductors [15,17,21,44,48], and using our
results for CdTe in water, we thus propose the model shown
in Fig. 5. Under our experimental conditions, an electron is
deposited with an excess of energy into the conduction band by
absorption of a photon, leaving a hole in the valence band (VB).
The pumped electron (found with an energy excess of ~1.37eV)
relaxes in less than 50 fs to lower levels of the conduction band.
Within 200-320fs after the photoexcitation, the electron can
quickly relax (1e) to the bottom of the conduction band (A) by
intraband transition and, at the same time, the created hole can
jump (1h) up to the top of the valence band (B). In 1.6 ps, the
relaxed electron in A and jumped hole in B from shallow traps
canrecombine. In tens of ps to few ns, radiative depopulation due
to band-edge recombination or to recombination of electrons at
surface states is produced. Another possibility is that electrons
canrelax to adeep trap (C), from where they will recombine with
holes within hundreds of ps. However, as we observed no IR band
emission of this process, we do not invoke this phenomenon in
CdTe QDs under our experimental conditions.

4. Conclusion

In this work, we have reported on fs—ps relaxation and dynam-
ics of CdTe nanoparticles (3.1 and 3.6 nm in diameter) in neutral
water. Ultrafast times in the range of 200-320 fs and 1.6 ps were
determined, and assigned to electron relaxation to the bottom
of the conduction band and to recombination of trapped elec-
trons and holes; while times of ~40 ps, ~600 ps and ~20 ns due
to radiative transitions were recorded. It comes out that times
of 200-300fs and 1.5-2 ps in the dynamics of NPs in water or
in other solvents, are common, suggesting that intrinsic mecha-
nisms of electron and hole relaxation dominate for the radiative
and non-radiative deactivation pathways. We believe that these
results might be important for a better understanding of nanopar-
ticle photodynamics in biological media — for example detecting
cancer — where water is the natural solvent, and for developing
nano-biotechnology and other related fields.
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