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Thin films of semiconductor CdSe quantum dots, QDs, directly deposited onto quartz as well as onto a
Langmuir-Blodgett film of the Gemini surfactant ethyl-bis (dimethyl octadecyl ammonium bromide have
been prepared and their photoluminescence properties were characterized by confocal fluorescence
lifetime microscopy. 3D aggregates of QDs were observed in QD films directly deposited onto the solid
while the Gemini surfactant film avoids the 3D aggregation. The photoluminescence decay analysis was
performed by a phenomenological model previously proposed by us which considers that the lumi-
nescence dynamics is affected by energy transport and trapping processes and the relative contribution
of these processes depends on film morphology. Thus, in the non-aggregated and more homogeneous QD
films, QDs deposited onto the surfactant, the relative contribution of the energy transport process in-
creases with trap concentration while 3D aggregation favors the energy transport even at low density of
energy traps.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

Semiconductor nanocrystals have a huge potential for appli-
cation in biological research, photonic studies, and optoelectronic
devices [1–4]. One of its most important classes is colloidal na-
nocrystals, such as CdTe and CdSe. Due to quantum confinement,
these nanocrystals possess discrete electron and hole energy le-
vels [5,6] and as a consequence, optical absorption occurs at
discrete energies which are determined by the size and the shape
of nanocrystals [2]. At low excitation density, light emission is
due to decay of the lowest exciton state to the ground state. The
possibility of tuning the exciton emission energy by the nano-
crystal size or shape has led to a worldwide interest in light-
emitting semiconductor nanocrystals. It is well established that
the optoelectronic properties of quantum dots depend on the
surface defects. [7] Moreover, in devices employing QDs de-
posited onto solids, surface defects play a dominant role in the
photoluminescence properties. In this situation, the surface de-
fects depend not only on the value of the surface area but also on
the morphology of QD assemblies. In previous work we have
analyzed the photoluminescence of CdSe QDs and styrene maleic
istry, Faculty of Pharmacy,
a, Spain
anhydride polymer films prepared by the Langmuir-Blodgett
methodology [8]. We have chosen the Langmuir-Blodgett de-
position methodology because it has provided good quality na-
noparticle thin films [9–11] and offers the possibility of preparing
reproducible films with control of the interparticle distance. Our
results demonstrated that the photoluminescence dynamics are
strongly affected by excitation energy transport and trapping
processes and the efficiency of each process depends on the in-
terdot distance and on the surface density of traps, which were
related with QD clustering or surface defects. The results also
pointed out that the photoluminescence of QDs should be in-
creased by a homogeneous distribution of QDs in films and by
minimizing the surface defects [8]. To confirm these assumptions,
in the current work we compare the photoluminescence prop-
erties of homogeneously distributed QDs films with hetero-
geneous films of QDs directly deposited onto the solid substrate.
To prepare homogeneous films, we transferred QDs from the air-
water interface to a Langmuir-Blodgett film of the Gemini sur-
factant ethyl-bis (dimethyl octadecylammonium bromide). We
use this deposition methodology since the surfactant film avoids
the 3D aggregation of QDs which is obtained when nanocrystals
are directly deposited onto the substrate [12–16]. In addition, the
surfactant renders an almost continuous film of QDs distributed
in an ideal hexagonal array [14].
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2. Experimental

2.1. Materials and methods

CdSe QDs capped with trioctylphosphine oxide (TOPO) were
synthesized by the method reported by Yu and Peng [17] and
described in more detail by Tomczak [18]. QDs were collected as
power by precipitation and centrifugation with acetone. Cen-
trifugation with acetone was used to wash the QDs in order to
remove free capping ligands and other molecules of the synthesis
medium. The process was repeated at least three times to remove
all free ligand and molecules. All these molecules were separated
of QDs power because they can be dissolved in acetone. The QDs
thus obtained were dried under vacuum and the diameter
(3.5570.05 nm) was calculated from the maximum position of
the visible spectrum of QDs dispersed in chloroform and the ex-
tinction coefficient per mole of nanocrystals at the first excitonic
absorption peak [19]. UV–vis absorption spectra of nanocrystal
solutions were recorded on a Shimadzu UV-2401PC spectrometer.
The stabilizer ligand (TOPO) remains attached to the QD surface
after the purification and precipitation processes [20–22].

Gemini surfactant ethyl-bis(dimethyl octadecylammonium
bromide), (Mr¼783.02) was synthesized using the method de-
scribed by Zana et al. [23]. We introduced some modifications in
the purification procedure to improve the product purity [12]. The
degree of purity obtained by mass spectrometry was 499.9%.

Filtered Chloroform (PAI) was supplied from Sigma Aldrich and
ultra pure water used as subphase to build the Langmuir mono-
layers were obtained by combination of RiOs and MilliQ systems
from Millipore. The solid substrate Quartz was supplied by Ted
Pella (US) and prior deposition was cleaned by the RCA process
[24] to remove organic residues from quartz substrates [25].
Briefly, the substrate was successively cleaned with acetone (PAI),
ethanol (PAI) and water (Milli Q); then, it was submerged in 60 mL
of a cleaning solution of MilliQ water, ammonia (25%) (5:1 vol/vol)
and 10 mL of hydrogen peroxide (30%). The substrate was main-
tained during 15 min in the cleaning mixture at 70 °C. Finally, it
was rinsed with abundant water (Milli Q) and dried under a
stream of nitrogen.

2.2. Film preparation

The QD films were prepared by the Langmuir�Blodgett tech-
nique (LB) on a Langmuir standard-trough (KSV2000 System 2,
Finland) placed in an antivibration table. QD Langmuir monolayers
were prepared by deposition of the spreading solution of QDs
(10�6 M) onto the water subphase with a Hamilton microsyringe
with a precision of 1 μL. The subphase temperature was kept
constant at (23.070.1) °C by flowing thermostated water through
jackets at the bottom of the trough. Monolayers were compressed
by symmetric barrier compression until they reach a given surface
concentration value with the quartz substrate dipped into the
trough. The surface density was controlled by the surface pressure
value measured with a Pt-Wilhelmy plate connected to an elec-
trobalance. Films were transferred from the air-water interface to
the solid by vertically dipping it upward (5 mm min�1) at surface
pressure value constant. Surface pressure�area isotherms of both
components, CdSe QDs and Gemini surfactant, agree with those
previously reported, [26,13]. The methodology and the experi-
mental conditions employed for the bilayer preparation were
previously reported [8,14].

Since it is necessary to eliminate spurious variations in the QDs
emission quantum yield caused by solvent or dilution effects on
the surface conditions of QDs, [21,27–29], we have used only one
batch of synthesized QDs. Accordingly, the spreading solutions
were prepared in chloroformwith the QD powder obtained from a
single extraction. The QD solution concentrationwas kept constant
at 10�6 M.

2.3. Confocal Fluorescence Lifetime Microscopy (FLIM)

Surface photoluminescence measurements were recorded in a
time-resolved fluorescence microscope (MicroTime 200, Pico-
Quant GmbH). A detailed description was previously reported [30].
In our measurements, the excitation source was a pulsed diode
laser emitting at 482 nm with a repetition rate of 2.5 MHz. We
used a water immersion objective 60� magnification with N.A. of
1.2 (UPLSAPO 60XW, Olympus). Samples are scanned with a piezo
xy-stage. The emitted fluorescence was cleaned through a dichroic
mirror and a bandpass filter with transmission in the interval
550�690 nm. To reject out-of-focus light a pinhole of 30 μm was
used. The emitted light was detected with single-photon counting
avalanche diodes from Perkin-Elmer and digitized using TimeHarp
200 TCSPC PC board (PicoQuant GmbH). The fwhm of instrument
response function was around 1 ns and the time increment was
150 ps/channel.

The experimental conditions were the same to those employed
in the previous work [8]. Typically, the image scans cover an area
of 80�80 μm2 and are composed of (256�256) pixels. To prevent
photo-enhancement effects in QD emission we use an low in-
tegration time per pixel, 2 ms [31,32]. The excitation power re-
mained constant at 108 W/cm2 to minimize multiexcitonic pro-
cesses. In this condition these processes do not exceed 3.1% of
excitation probability [32,33]. The QD luminescence decay is in-
trinsically complex; therefore, the total number of detected pho-
tons per image amounted to a few million counts. On the other
hand, the luminescence decays are integrated over the imaged
area and can be retrieved from the photon arrival time histogram
of all detected photons. The SymPhoTime software (PicoQuant
GmbH) was used to analyze the experimental data with a multi-
exponential function. Fits of decay curves to Eq. (1) was carried out
on Matlab software [8]. The quality of the fits was evaluated by the
χ2 parameter and weighted residuals.

2.4. Atomic force microscopy (AFM)

AFM images of the LB films deposited on quartz were obtained
in constant repulsive force mode by AFM (Nanotec Dulcinea,
Spain) with a rectangular microfabricated silicon nitride cantilever
(Olympus OMCL-RC800PSA) with a height of 100 μm, a Si pyr-
amidal tip (radius o20 nm) and a spring constant of 0.73 N m�1.
The scanning frequencies were usually in the range between
0.5 and 2.0 Hz per line. The measurements were carried out under
ambient laboratory conditions.
3. Results and discussion

The Langmuir monolayers of different QD surface density were
transferred from the air-water interface to a LB film of Gemini
surfactant at 30 mN m�1. The surface density was controlled by
the surface pressure value. To analyze thoroughly the photo-
luminescence of QD/Gemini films, multiple fluorescence lifetime
images were acquired on each film at different macroscopic po-
sitions. From a total of 5 images acquired per sample we have
selected representative examples in Fig. 1.

Some dark areas are observed in the image of the lowest QD
density (5 mN m�1) and correspond to uncovered regions which
are likely due to the low QD concentration. Qualitative information
can be extracted from images; thus, when the QD surface con-
centration is increased, the film coverage increases, however, the
image brightness related with the luminescence intensity,



Fig. 1. Representative examples of fluorescence lifetime images for QDs transferred onto a LB film of the Gemini surfactant at 30 mN m�1. The surface pressure values of the
QD Langmuir monolayers were: (a) 5 mNm�1; (b) 9 mN m�1; (c) 15 mNm�1 and (d) 26 mN m�1.

Fig. 2. (a) Photoluminescence decays of QDs deposited onto Gemini surfactant film (30 mNm�1) at the following surface pressure values: curve 1 (5 mNm�1); curve 2
(9 mN m�1); curve 3 (15 mN m�1) and curve 4 (26 mNm�1). (b) Decay times obtained from the multiexponential analysis of each image integrated decay. The decay time of
the two faster components are averaged out and are plotted together with the slower decay time. Results correspond to films prepared at the following surface pressure
values: open circles (5 mNm�1); triangles (9 mN m�1); open squares (15 mNm�1) and solid squares (26 mNm�1).
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drastically decreases for QD films at 26 mN m�1, Fig. 1d. This fact
seems to indicate that the magnitude of the nonradiative pro-
cesses becomes particularly important for the densest films. This
behavior is also revealed by fluorescence decay analysis. To illus-
trate this behavior in Fig. 2a are plotted the photoluminescence
decays of films at different QD surface concentration values de-
posited onto the Gemini film.

The decay curves show that fluorescence decay becomes faster
when the QD surface concentration increases. The effect is more
noticeable in the decay curve corresponding to 26 mN m�1, curve
4 in Fig. 2a. To quantify this behavior, decays were fitted with a
multiexponential function. Three exponential components were
required to properly fit the decays. Similar behavior was reported
in previous work for mixed films of QDs and the polymer styrene
maleic anhydride. In that work, we discussed the complexity of
photoluminescence decays of QDs based on our results and on the
extensive literature on this subject [8]. Briefly, the core-excited
states in CdSe QDs decay with a radiative lifetime of tens of ns.
However, the contribution from surface phenomena occurring in
organically-capped QDs, such as defect states and charge-trapped
states, gives rise to decay components ranging from sub-ns up to
hundreds of ns. The fast decay components generally result from
the photo-ionization of QDs due to hole trapping in surface defects
that accelerates core-exciton recombination [6,34–38]. The long
decay components have been attributed to electron injection and
trapping in the surrounding media that, at later times, recombines
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to a core-excited state giving rise to delayed luminescence [34,35].
Single-particle spectroscopy of CdSe QDs suggests that these
emitters display a dynamic heterogeneous behavior, in which the
photoluminescence dynamics of an individual particle changes
over time [36].

In solid films of QDs, the photoluminescence dynamics are also
affected by excitation energy transfer processes due to short in-
terparticle distances between QDs deposited on solids. These
processes may contribute to enhance the short decay components
because energy migration in the particle lattice increases the
probability of excitation energy trapping and quenching. The
presence of energy traps in films of QDs has been previously at-
tributed to a minor fraction of QDs with extensive surface defects,
or to clusters of QDs strongly packed [39–42]. It has been proved
that film morphology plays a crucial role; thus, regular re-
arrangements of QDs on the solid avoid the formation of clusters
which quench the QDs photoluminescence by excitation energy
trapping [8].

As was evidenced in the previous work, a simplified way of
analyzing the multiexponential decays is to compare the ampli-
tude of short and long decay times of different films by plotting
the short decay times averaged out using the respective intensity-
weight values together with the long decay times against the
amplitude [8], Fig. 2b. This choice of representation allows us to
compare separately the long decay component due to delayed
luminescence with the short components more strongly influ-
enced by energy migration and film morphology.

Results in the Fig. 2b show that the decay times of QDs films at
low surface pressure are quite similar; however, for those corre-
sponding to the densest film, 26 mN m�1, the fastest component
prevails. All experimental information shows that the contribution
of nonradiative processes increases with the QDs surface density.

For comparative purposes we have measured the photo-
luminescence decays of QD films directly deposited onto the
quartz substrate. The experimental conditions were the same
employed for films of QDs deposited on the Gemini surfactant
film. Fig. 3 shows representative images of QDs films at the surface
pressure values of 5, 9 and 26 mN m�1, respectively.

The FLIM images clearly revealed regions constituted by cir-
cular aggregates together with regions in which non-aggregated
QDs predominate. Insets on Figs. 3a and b are magnifications to
show the morphology of aggregates. 3D aggregation of QDs di-
rectly deposited onto the substrate was previously reported and
has been attributed to the weak interactions between the hydro-
phobic chains of the QD capping agent (TOPO) and the solid
substrate. AFM results demonstrated that the aggregate height
increases with the QDs surface density and the height values are
consistent with 3D aggregates constituted by 2–5 QDs [13,14].

The decay curves of different regions of QDs supported onto
quartz were analyzed and results showed that the fluorescence
Fig. 3. Fluorescence Lifetime Images of QDs deposited onto quartz at the surface pressure
spherical aggregates in figures.
decays are faster in the regions of 3D aggregates than in the non-
aggregates ones. This behavior is illustrated in Fig. 4 that shows
FLIM images of QDs deposited directly on quartz at surface pres-
sure values of 5 and 9 mN m�1, and below, the decay curves ex-
tracted from the regions marked in the FLIM images.

The decays shown in Figs. 4d and e are taken from regions
without (blue curves) and with aggregation of QDs (red curves),
respectively. At a given surface pressure, the decays for regions
with QDs aggregation are faster than those for regions without
aggregation. However, the decay tails at long time show a similar
slope for these two situations (red and blue curves). Therefore, the
main difference between decays resides in the contribution of the
short decay components, which is larger for the regions with QDs
aggregation. As referred to above, the photoluminescence dy-
namics in solid films of QDs are affected at short decay times by
excitation energy trapping processes. The larger contribution of
the short decay components in our systems could be attributed to
an increased contribution from energy migration and trapping
processes due to the larger density of particles within QD ag-
gregates. Interestingly, the decays also become faster upon in-
creasing surface pressure from 5 to 26 mN m�1, which is in qua-
litative agreement with the role attributed to particle density in
the photoluminescence of QD films.

Fig. 5a shows the FLIM image of QDs deposited on the Gemini
surfactant film. The photoluminescence decays plotted in Fig. 5b
correspond to regions marked as 9 and 10 in Fig. 5a. For the sake of
comparison, decays of QD films directly deposited onto quartz and
marked as regions 6 and 7 in Figs. 4b and c of QD are also plotted
in Fig. 5b. As can be seen in Fig. 5b, decays present similar slope of
the decay tail at long times while the main differences are ob-
served in the relative contributions of short decay components.

Although visual inspection of the decays allows us to infer
qualitative information about the relative contribution of short vs.
long decay components, that is not enough to evaluate the influ-
ence of short components in aggregated and non-aggregated re-
gions. For this purpose, we have fitted the decays with a phe-
nomenological model previously reported by us, which gave evi-
dence of the important role of the film morphology on the pho-
toluminescence properties of QDs films [8]. The model considers
the decay function as a sum of two separate contributions, Eq. (1).

( ) ( ) ( )= σ + ( −σ) ( )D t S t 1 C t 1

The first contribution, S(t), describes the luminescence decays
affected by recombination from charge trapped to core excited
states according to the Tachiya-Mozumber model [43,44]. This
model considers a mechanism of charge trapping by electron
tunneling toward a uniform distribution of traps and in our case is
defined by:

⎡⎣ ⎤⎦( ) ( )τ≈ − + ( )S t t k kexp / 1 2r ct 0
values of: 5 (a), 9 (b) and 26 (c) mN m�1. Insets in (a) and (b) are magnifications of



Fig. 4. (a–c) FLIM images of QDs films deposited onto quartz at the surface pressure value of 5 mNm�1 (a) and 9 mNm�1 (b and c). The numbered circles and squares show
the regions of interest selected to extract photoluminescence decays from these images. (d and e) Photoluminescence decays of regions marked as numbers 1–8 in Fig. 4a–c.
The blue and red curves illustrate decay curves from regions of films without and with aggregation of QDs, respectively. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.).
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In Eq. (2), kr represents the radiative recombination rate and
τ μ kct0 the charge transfer rate term. These parameters represent
intrinsic photophysical properties of the CdSe QD [45].

The second contribution, C(t), is related with the energy
transport according to the model developed by Fayer [46,47]. This
model was proposed to interpret the excitation transfer in dis-
ordered two-dimensional systems with randomly distributed do-
nor and trap species. The two-dimensional approach is used here
in first approximation for the 3D aggregated film regions, in view
of their shallow thickness of only 2–5 QDs, as referred to above. In
the model, the transport master equation uses the diagrammatic
expansion of the Green's function to obtain the probability PD (t) of
finding an excitation at a given position r at time t.[8] The corre-
sponding decay law is obtained multiplying PD (t) by a decaying
exponential with the donor lifetime:

⎡⎣ ⎤⎦τ( ) = − ( ) ( )C t t x P texp / 3D D

The fitting with Eq. (1) of the decays of QD films deposited
directly on the substrate and on the Gemini surfactant Langmuir-
Blodgett film are shown in Figs. S1 and S2 of the Supporting Ma-
terial and the parameters obtained in fits are collected in Tables 1
and 2, respectively. Results in Table 1 correspond to decays of re-
gions without 3D aggregation while the data in Table 2 correspond
to decays of 3D aggregates. The values of parameters τ μ kct0 and
1þμ retrieved from the fits were found to be rather similar to
their initial guesses, which by its turn were chosen according to
our previous results [8]. For this reason, these parameters were
kept constant at τ μ kct0 ¼2 and 1þμ¼1.95 in the fits that yielded
the values given in Tables 1 and 2. The same approach could be
applied to the radiative lifetime value, which does not vary much
from the initial guess of −kr

1
¼30 ns. This set of model parameters

describes intrinsic properties of the QDs used, or of their im-
mediate surroundings, such as the organic coating layer. Therefore,
it is reasonable to assume that these parameters are constant
throughout the fits, leaving as adjustable only those parameters
which depend on the film morphology, such as the number den-
sity of donors and traps, CD, CT and the relative contribution to the
decay s.

From data in Tables 1 and 2, it is possible to conclude that the
number density of donors, CD, obtained from the fit process is
almost the same for the different zones and the value found for
these systems is also the same to that calculated for QDs/ PS-MA-
BEE films [8]. Conversely, both, the number density of traps, CT,
and, s, seem to be different for the distinct films.

According to the qualitative interpretation of decays presented
above, the main differences between decays are observed at short
times. Therefore, since the photoluminescence dynamics in QD
films are affected at short decay times by excitation energy trap-
ping processes, we analyze the variation of relative contribution to



Fig. 5. (a) FLIM image of QDs films deposited onto Gemini surfactant film at the
surface pressure value of 9 mNm�1. The numbered squares show the regions of
interest selected to extract photoluminescence decays from this image.
(b) Photoluminescence decays of regions marked as numbers 6 and 7 in Figs. 4b
and 4c (red curves), and as number 9 and 10 in Fig. 5a (blue curves). (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the web version of this article.).

Table 1
Parameters Fitted with Eq. (1) to Photoluminescence Decays of CdSe QDs in regions
without 3D aggregates.

Region ana-
lyzed π (mN/m)

A7
5 mN/m

C3
5 mN/m

C6
5 mN/m

A8
9 mN/m

A9
9 mN/m

A15
9 mN/m

kr�1(ns) 29.84 30.19 29.96 29.80 29.81 30.01
s 0.278 0.264 0.245 0.119 0.138 0.253
CD 3.12 3.35 3.04 3.10 3.26 3.32
CT 0.375 0.386 0.435 0.621 0.666 0.424
χ2 1.067 1.122 1.086 1.235 1.084 1.199

Table 2
Parameters Fitted with Eq. (1) to Photoluminescence Decays of CdSe QD 3D
aggregates.

Region ana-
lyzed π (mN/
m)

C1
5 mN/
m

C2
5 mN/
m

C10
9 mN/m

C11
9 mN/
m

C12
26 mN/m

C13
26 mN/m

kr�1 (ns) 30.23 30.27 29.92 29.93 29.78 29.81
s 0.236 0.225 0.099 0.130 0.201 0.040
CD 3.27 3.28 3.34 3.25 3.37 3.58
CT 0.350 0.331 0.27 0.331 0.358 0.173
χ2 1.192 1.253 1.791 1.478 1.184 1.930
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decays of the energy transfer process, 1-s, with the surface density
and trap concentration, respectively. With this purpose, in Fig. 6a
the relative contribution of energy transport component to the
decay, 1-s, is plotted against the surface density, controlled by
surface the pressure value, π. The 1-s values plotted in Fig. 6a are
averaged for each surface pressure value and the error bars cor-
respond to the standard deviation.

As can be seen in Fig. 6a the relative contribution to the decay
of energy transport processes increases when the surface pressure
increases. Moreover, the contribution values are higher for films
with 3D aggregates than for QD films without aggregation. This
behavior is expected if one considers that energy transport pro-
cesses are related with short interparticle distance and the dis-
tance between QDs decreases when films are strongly packed.
Thus, the interparticle distance decreases as the surface density
increases and consequently, the relative contribution of energy
transport is larger for dense films, high surface pressure values,
and for films with 3D aggregates which contain a great number of
particles for each circular aggregate.

Results also revealed an increase of the relative contribution to
the decay of the energy transport with trap concentration, Fig. 6b,
for QDs films without 3D aggregation. As can be seen in Table 1
and Fig. 6b, in non-aggregated films the trap concentration in-
creases as the QD surface concentration. This behavior seems to be
consistent with the fact that the energy traps can be attributed to
clusters of QDs highly packed [8] and consequently, increase as
surface density increases. The replacement of the stabilizer, TOPO,
by the Gemini surfactant could be responsible of this behavior.
However, the partial replacement of TOPO by molecules contain-
ing carboxylic or thiol groups which can interact with the surface
core Cd2þ is carried out in solution and under sonication or reflux
conditions [48]. Since all these conditions are not fulfilled in our
system this contribution should not be considered. On the other
hand, the relative contribution to the decay of the energy trans-
port process is higher for films with 3D aggregates than for QDs
without aggregation, although the trap concentration calculated
from fits seems to be lower for films with 3D aggregates than for
the non-aggregated ones. Besides, the contribution of the energy
transport process in 3D aggregates films increases with the QD
surface density. It should be noticed that in films with 3D ag-
gregates, the aggregate height increases with the QD surface
density, [13,14] accordingly, the number of QD particles closely
packed in 3D aggregates also increases with surface density.
Therefore, it is possible to suggest that the number of QDs with
short interparticle distance which favors the energy transfer pro-
cesses increases for films with 3D aggregates, while the density of
energy traps of QDs in the 3D aggregates seems to be on average
lower than in films without QD aggregation. Other contributions,
such as degradation by oxidation [49] and the influence of free
capping ligands entrapped on the aggregates could be considered
as responsible of this behavior. However, because free capping li-
gands were removed along other molecules of the reaction med-
ium in the purification processes, this contribution does not seem
the main contribution for the observed behavior. In addition, as no
significant changes between the photoluminescence decays of
films stored in vacuum desiccators over several months were ob-
served, we think that the decrease of interparticle distance in films
with 3D aggregates can be the main contribution of the increased
energy transfer observed, although more efforts must be done in
the future to interpret this behavior.



Fig. 6. Variation of the relative contribution to the decay of the energy transport component, 1-s, with: (a) the surface density of QDs measured as surface pressure, π; and
(b) concentrations of traps. Symbols in Fig. 6a represent: circles (regions of 3D aggregates) and triangles (regions without aggregation). Symbols in Fig. 6b correspond to:
diamonds, films transferred at 5 mN m-1 and triangles at 9 mN m�1.
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4. Conclusions

The effect of 3D aggregates on the photoluminescence of QD
films was studied by analyzing the photoluminescence dynamics
of QD films directly deposited onto quartz and deposited onto a
Langmuir-Blodgett film of a Gemini surfactant. The surfactant film
avoids the QD aggregation [14] and thus films with regions of QD
3D aggregates were observed in films of QDs directly deposited
onto quartz. The photoluminescence decays were interpreted ac-
cording to a phenomenological model previously reported by us
[8]. The model considers that QD photoluminescence is affected by
energy transport and trapping processes and the efficiency of
these processes depends essentially on the energy traps. Our re-
sults demonstrated that the trap concentration increases with the
surface concentration. We have also proved that in films without
3D aggregation the relative contribution to decay of the energy
transport process increases as the trap concentration increases.
Finally, our results show that in films with 3D aggregates, the
contribution of the energy transfer process is higher than that
corresponding to QD films without 3D aggregates. This fact could
be attributed to the decrease of interparticle distance in films with
3D aggregates.
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