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ABSTRACT: Thin ﬁlms of colloidal semiconductor CdSe
quantum-dots (QDs) and a styrene/maleic anhydride
copolymer were prepared by the Langmuir−Blodgett
technique and their photoluminescence was characterized by
confocal ﬂuorescence lifetime microscopy. In the ﬁlms, the
photoluminescence dynamics are strongly aﬀected by
excitation energy migration between close-packed quantumdots and energy trapping by surface-defective QDs or small
clusters of aggregated QDs. Polymer/QD ﬁlms with more
aggregated QD regions exhibit lower PL intensities and faster
decays, which we attribute primarily to the increased ability of
excitations to ﬁnd trap sites among more close-packed QD
regions. This was conﬁrmed by comparing ﬁlms from bilayer or cospreading deposition, and varying the QD-to-polymer
composition or the surface pressure at deposition. The more regular ﬁlms, such as those obtained by bilayer deposition at highpressure, display more surface emission intensity and decays with less accentuated curvature. Decay analysis was performed with
a model that accounts for excitation energy migration and trapping in the ﬁlms. In the framework of the model, the
photoluminescence dynamics are related to ﬁlm morphology through the density of energy traps. A lower amount of QD
clustering in the ﬁlms reﬂects on a lower density of energy traps and, thus, on more emissive QD ﬁlms, as inferred here for bilayer
ﬁlms relative to cospreading ﬁlms.

■

INTRODUCTION
Colloidal semiconductor CdSe quantum-dots (QDs) are widely
used in optoelectronic devices such as LEDs, photodetectors,
solar cells and nanosensors.1−3 For the construction of
nanostructured devices with semiconductor QDs, it is necessary
to obtain large ordered structures with homogeneous and
known photophysical properties.4 Therefore, it is important to
understand the inﬂuence of particle density, interdot distance,
and environmental properties on the photophysics of QD
assemblies.
Some optoelectronic applications make use of QD properties
by incorporating them into a polymeric matrix to build
nanocomposites. In these cases, it is necessary to develop a
controlled way to achieve good-quality QD/polymer hybrid
ﬁlms.3,5 In order to optimize such hybrid systems, several
authors have focused on the eﬀect of ﬁlm matrixes on energy
transfer processes between QDs6,7 and on their photoluminescence intermittency.8,9 An important issue concerning
the properties of QDs deposited on solids is achieving control
over the organization and assembly of nanoparticles at
interfaces. In ﬁlm organization, the interparticle distance is
paramount for applications, such as light-harvesting in photovoltaic cells, because short interparticle distances improve the
energy transfer in the QDs ﬁlms.10−12 However, the ﬁlm
© 2013 American Chemical Society

morphology also plays an important role on the photophysical
properties because surface defects or aggregation of dots may
provide excitation energy traps that can eﬃciently reduce
photoluminescence. Within several methodologies proposed,
the Langmuir−Blodgett (LB) technique has been demonstrated to be an excellent candidate to construct good quality
QD thin ﬁlms, because it oﬀers the possibility of preparing
reproducible ﬁlms with control of the interparticle distance.13,14
In the current work, we are interested in studying the eﬀect
of the morphology of QD assemblies on the photoluminescence properties of QD ﬁlms. Previously, we have
prepared and characterized hybrid ﬁlms of QDs and polymers
derived of maleic anhydride and the Gemini surfactant 18−2−
18 by the LB method.15,16 Here, we study the photoluminescence properties of QD ﬁlms prepared with the
polymer poly(styrene-co-maleic anhydride) partial 2-buthoxy
ethyl ester cumene terminated. We have chosen this polymer
because it renders QD assemblies with diﬀerent morphology
using two diﬀerent preparation methods, cospreading and
bilayer deposition. Moreover, styrene/maleic anhydride coReceived: November 21, 2012
Revised: June 11, 2013
Published: June 14, 2013
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quartz, or (ii) bilayer deposition, the QDs are transferred onto
a polymer ﬁlm already on the surface. To prepare the bilayer
ﬁlms, ﬁrst a PSMABEE monolayer is LB transferred on quartz
substrate, and dried under vacuum at least during 12 h, before
the LB deposition of the QD monolayer.
In order to avoid spurious variations in the emission
quantum yield of the QDs caused by solvent or dilution eﬀects
on the surface conditions of the QDs,22,27−29 we have only used
one batch of synthesized QDs. All of the spreading solutions
were prepared in chloroform with the QD powder obtained
from a single extraction. The QD concentration in the
spreading solutions was the same for all samples: bilayer and
cospreadings depositions, ca. 10−6 M.
TEM images of the LB ﬁlms deposited on Formvar-carbon
coated copper grids were taken with 80 kV TEM (ZEISS EM
902, Germany). The LB deposition onto copper grids was
carried out at a speed up of 1 mm min−1.
Confocal Fluorescence Lifetime Microscopy. Surface
photoluminescence measurements were performed with a timeresolved ﬂuorescence microscope (MicroTime 200, PicoQuant
GmbH). A detailed description may be found elsewhere.30 The
excitation source is a pulsed diode laser emitting at 482 nm
with a repetition rate of 2.5 MHz. Illumination and collection of
light are done through 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 is spectrally cleaned through a dichroic mirror and
a bandpass ﬁlter with transmission in the interval 550−690 nm.
A pinhole of 30 μm is used to reject out-of-focus light. The
emitted light is detected with single-photon counting avalanche
diodes (Perkin-Elmer) and digitized by TimeHarp 200 TCSPC PC board (PicoQuant GmbH). The instrument response
function has a fwhm around 1 ns, and the time increment is 150
ps/channel.
Typically, the image scans performed cover an area of 80 ×
80 μm2 and are composed of (256 × 256) pixels. The
integration time per pixel of 1 ms was low enough to prevent
photoenhancement eﬀects in QD emission.31,32 The excitation
power was kept at 108 W/cm2 to minimize multiexcitonic
processes, which in these conditions should not exceed 3.1% of
excitation probability.33,34 The luminescence decay integrated
over the imaged area can be retrieved from the photon arrival
time histogram of all detected photons. The total number of
detected photons per image amounted to a few million counts,
which aﬀorded reliable decay curves. However, a direct analysis
of the lifetime images is not suitable because only a few counts
are detected per pixel, and the decays are intrinsically complex.
Data analysis with a multiexponential function was performed
with the SymPhoTime software (PicoQuant GmbH). The
quality of the ﬁts was evaluated by the usual criteria for the χ2
parameter and weighted residuals. Decay analysis with eq 1 (see
text for further details) was implemented on Matlab software.

polymers have shown potential application in optical waveguides, electron beam resists, and photodiodes.17,18
The photoluminescence dynamics of the QD/polymer ﬁlms
were measured by confocal ﬂuorescence lifetime microscopy.
Time-resolved photoluminescence has the advantage of being a
technique highly sensitive to surface and environmental
changes, but this information is often concealed by the
intrinsically complex excited-state dynamics of QDs.19 It is
common to use phenomenological ﬁtting functions in decay
analysis, e.g., stretched exponentials or statistical decay time
distributions, which aﬀord good ﬁtting results, but are more
questionable in terms of extracting physical insight from the
ﬁtted parameters. Instead, we have adopted an approximate
model for decay analysis that considers excitation energy
transport and trapping eﬀects. The parameters obtained from
the decay ﬁts were used to rationalize and compare results of
the diﬀerent QD/polymer ﬁlms and to relate their photoluminescence properties to the ﬁlm morphology previously
characterized.

■

EXPERIMENTAL SECTION
Materials. The TOPO-capped CdSe QDs were synthesized
by the method proposed by Yu and Peng.20 The QDs thus
obtained are capped by X-type octylphosphonate derivatives,
which remain attached to the CdSe QD surface after the
puriﬁcation and precipitation steps.21−23 QDs were collected as
powder by size-selective precipitation with acetone and dried
under vacuum. The polymer poly(styrene-co-maleic anhydride)
partial 2-buthoxy ethyl ester cumene terminated, PSMABEE
hereafter, was purchased from Sigma-Aldrich and used as
received. The PSMABEE ester:acid ratio 1:1 and the molecular
weight Mn = 2.5 kDa were provided by the manufacturer.
Chloroform (PAI, ﬁltered) used to prepare the spreading
solutions was purchased from Sigma-Aldrich. Millipore Ultra
pure water prepared using a combination of RiOs and Milli-Q
systems from Millipore was used as subphase. The LB quartz
substrates were supplied by TedPella (U.S.) and were cleaned
before use by the RCA procedure.24 First, the substrates were
successively cleaned with acetone (PAI), ethanol (PAI), and
Milli-Q water. Next, in a glass beaker, Milli-Q water and
ammonia (25% vol) (5:1 vol/vol) were mixed up to 60 mL and
heated to 70 °C, and then 10 mL of hydrogen peroxide (30%w)
was added. The substrates were submerged in the cleaning
mixture and maintained during 15 min at 70 °C. Afterward, the
substrates were rinsed with abundant Milli-Q water and dried
under a stream of nitrogen.
Film Preparation. The samples were prepared by the
Langmuir−Blodgett technique on a Langmuir standard-trough
(KSV2000 System 2, Finland) placed in an antivibration table.
Monolayers were transferred by symmetric barrier compression
(5 mm min−1) with the quartz substrate into the trough by
vertically dipping it upward. Spreading solution was deposited
onto the water subphase with a Hamilton microsyringe with a
precision of 1 μL. The surface pressure, π, was measured with a
Pt-Wilhelmy plate connected to an electrobalance. The
subphase temperature was maintained at (23.0 ± 0.1) °C by
ﬂowing thermostatted water through jackets at the bottom of
the trough. Surface pressure−area isotherms for the pure
components, CdSe QDs and PSMABEE, agree with those
previously reported,25,26 and their mixtures were previously
characterized.15,16 Two diﬀerent deposition methods were
used: (i) cospreading deposition, the mixed QD/polymer
monolayers are transferred from the air−water interface onto

■

RESULTS AND DISCUSSION
In order to thoroughly characterize the photoluminescence of
QD/polymer ﬁlms, multiple ﬂuorescence lifetime images were
acquired on each ﬁlm. Diﬀerent macroscopic positions were
scanned to ensure a comprehensive surface sampling. From a
total of 25 images acquired per sample, a few selected examples
are shown in Figure 1. A similar pattern of surface luminescence
was found within each sample. This pattern shows micrometric
domains with approximately the same size and emission
intensity that cover most of the surface. Some dark areas
14788
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Figure 1. Examples of ﬂuorescence lifetime images for CdSe QDs in
PSMABEE polymer mixed ﬁlms: (A) bilayer deposition and (B)
cospreading with a QD−polymer ratio of 1:1, both at high pressure, π
= 30 mN/m; and cospreading with 1:2 ratio, (C) at high pressure, π =
30 mN/m, and (D) at low pressure, π = 14 mN/m. Excitation was
selected at 482 nm and emission was collected in the interval 550−690
nm. More examples are shown in section 1 of the Supporting
Information, SI.

Figure 2. Photoluminescence decays of CdSe QDs in PSMABEE
polymer mixed ﬁlms: (A) bilayer deposition (curve a) and cospreading
with a QD-polymer ratio of 1:1 (curve b), both at high pressure, π =
30 mN/m; and (B) cospreading with 1:2 ratio at high pressure, π = 30
mN/m (curve c) and at low pressure, π = 14 mN/m (curve d).
Excitation was at wavelength 482 nm and emission was collected in the
interval 550 − 690 nm. Solid curves in gray color show the ﬁtting
results with eq 1see text for further details. Normalized and
averaged decays of bilayer (C) and cospreading (D) ﬁlms over a total
of 25 images acquired. The gray shaded area represents the standard
deviation multiplied by two.

corresponding to regions not covered are also observed (top
right corner of Figure 1A). Overall, a regular deposition of
luminescent material is found on the ﬁlms prepared by LB
technique. The intensity and lifetime of surface luminescence,
however, vary with the deposition method, bilayer or
cospreading deposition, as it is discussed next.
From each image, the luminescence decay is obtained giving
a total of 25 decay curves per sample. Examples of
luminescence decay curves are shown in Figure 2A,B for
diﬀerent conditions of ﬁlm deposition. Within each sample, the
decay curves do not vary much across the sample’s surface, as it
is illustrated in Figure 2C,D, which show the average decay
(solid curves) and the area corresponding to the standard
deviation multiplied by two (shaded area) from the total of 25
images. The decay curves show a pronounced decrease in the
initial hundred ns followed by an exponential tail at long times.
A total of four exponential components are required to properly
ﬁt these decays. The complete set of decay times ﬁtted by
multiexponential analysis is given in section 2 of the SI. In
general, the photoluminescence dynamics of QDs in the ns−μs
time scale are intrinsically complex due to the role of surface
defect and charge trapped states in the excited-state
relaxation.35−39 In the solid ﬁlms, the complexity is further
increased by the possibility of excitation energy transfer
between QDs, because of the short interparticle distances in
the close-packed ﬁlm regions.10−12
Prior to the decay analysis, we describe here the qualitative
interpretation of the ﬁlm decays, which is based on the vast
literature about photoluminescence dynamics of QDs in
solution and deposited in solid ﬁlms. It has been demonstrated
that the detachment of capping molecules can lead to the
appearance of short decay components due to quenching by
surface defects.40 Accordingly, we attribute the sharp decrease
in the initial nanoseconds to QDs with extensive surface defects
that strongly quench emission from band-edge exciton
recombination (“ked” in Figure 3).
However, there is evidence that nonexponential photoluminescence decays of QDs are related not only to intraband

Figure 3. Simpliﬁed diagram for excited-state processes in QDs. The
dashed arrows correspond to additional relaxation pathways from
surface-defect sites.

relaxation, but also to photoinduced charging processes. In
Figure 3, we separate these two processes by distinguishing,
respectively, between “surface defect states” and “charge
trapped states”. However, this is only a formal distinction, as
“surface defect states” may also have some character of charge
separation and trapping. The key points that we would like to
illustrate in this scheme are as follows: (i) “surface defect states”
can be emissive, and their spectrum is usually observed at lower
energies relatively to core exciton recombination; (ii) they
contribute to the fast deactivation of core exciton states, which
shows up as short decay components in their emission. We
14789
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Figure 4. (A) Decay times obtained from the multiexponential analysis of each image-integrated decay: the three shorter decay times were averaged
out (bottom) and are represented together with the long decay time (top). Results shown are for bilayer deposition (circles) and cospreading with
1:1 ratio (squares), both at high pressure, π = 30 mN/m; and for cospreading with 1:2 ratio at high pressure, π = 30 mN/m (triangles), and at low
pressure, π = 14 mN/m (diamonds). (B) Photoluminescence (PL) intensity indicated as the total number of counts per image obtained for CdSe
QDs in PSMABEE polymer mixed ﬁlms for bilayer deposition (red), cospreading with a QD-polymer ratio of 1:1 (blue) at high pressure, π = 30
mN/m; and cospreading with 1:2 ratio at high pressure, π = 30 mN/m (green) and at low pressure, π = 14 mN/m (magenta). The inset shows the
average PL intensity plotted against the surface concentration of QDs for the bilayer (point 1) and cospreading (points 2−6) ﬁlms. Closed and open
symbols represent data from ﬁlms deposited at π = 30 and 14 mN/m, respectively.

distinguish these from “charge trapped states”, in which case
the injected charge is trapped in the surrounding medium of
the QD particle, but it can recombine to the core excited-state
at later times leading to delayed emission, which shows up as
long decay components usually with power-law decay
kinetics.37
Because the emission from surface defect states is usually
observed at lower energies relative to core exciton recombination, the emission spectrum of the QDs dissolved in chloroform
and deposited onto quartz were recorded. The emission spectra
show the core recombination emission band, centered at 580
nm, and a broad nonstructured band centered at wavelengths
longer than 700 nm that is attributed to surface defect states
(Figures S2 and S3 of the SI). It is interesting to note that this
band is much more pronounced in QDs deposited in ﬁlms than
in chloroform solution. This fact shows that surface defect
states are favored by the QDs’ deposition. To separate the
emission of core exciton and surface defect states, we have
recorded the emission decays collected with several ﬁlters. The
photoluminescence decays practically do not change in the
range corresponding to emission from the core exciton
recombination band, except for some minor changes that
may be attributed to sample heterogeneity. For instance, the
decays obtained with ﬁlters between 528 and 690 nm are
practically superimposable (see more details in section 2 of the
SI). However, the decays obtained in the wavelength range of
668−723 nm, which correspond mostly to surface defects’
emission, show a larger contribution from long decay
components, as compared to the emission from the core
exciton recombination band. Furthermore, the decays obtained
for the QDs in solution show an exponential decay tail for the
emission from surface defects, while the decay tail from the
core exciton recombination band is nonexponential, and is
better described by power-law kinetics (Figure S13B of the SI).
All of this evidence allows us to assign the longest component
in the emission from core exciton recombination to delayed
luminescence from charge trapped states. In the remaining
portion of this work, we will focus our discussion on the eﬀects

of ﬁlm morphology on the photoluminescence decays from
core exciton recombination selected with appropriate ﬁlters to
exclude emission from surface defects. We will also neglect the
initial part of the decay curves, t < 10 ns, which corresponds to
the fast deactivation processes from intraband relaxation
processes by surface defects, and we will focus our data analysis
on the long components of emission from core exciton
recombination.
In the time range from about ten ns to a hundred ns, the
decays exhibit a pronounced curvature that is clearly distinct for
ﬁlms prepared by bilayer and cospreading deposition (see
Figure 2A,B). For comparison in Figure 4A, the results from
the multiexponential analysis of ﬁlm decays are presented in a
simpliﬁed plot. In this plot, the short decay times were averaged
out using the respective intensity-weights and are represented
together with the long decay time. The results obtained for the
bilayer ﬁlm stand out, because the averaged short decay times
are clearly longer than for cospreading ﬁlms, while the long
decay time is quite similar for all samples prepared by the two
deposition methods.
The relative brightness of the photoluminescence images also
reﬂects the diﬀerence between bilayer and cospreading ﬁlms
(Figure 4B). Under the same excitation conditions, the bilayer
ﬁlms have a signiﬁcantly higher intensity of emission compared
to cospreading ﬁlms, i.e., a larger number of counts per image.
This observation could be simply due to a higher surface
concentration of QDs in the bilayer ﬁlms. However, this is not
the case, as it is shown in the inset of Figure 4B, where the
emission intensity is plotted against the particle density
calculated from the surface concentration (see more details in
section 4 of the SI). This plot shows that the PL intensity of the
cospreading ﬁlms is proportional to particle density, while the
PL intensity of the bilayer ﬁlm stands out, indicating that it is
much more emissive than the cospreading ﬁlms with the same
particle density.
In an attempt to interpret the diﬀerences between the
emission properties of cospreading and bilayer ﬁlms, we have
analyzed the TEM images of these ﬁlms. Representative TEM
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From about 100 ns onward, the decays show an almost
exponential behavior that is attributed to isolated QDs or to
regions of QDs without energy traps. The photoluminescence
of QDs decays very slowly with lifetime components longer
than 100 ns, and even reaching μs in chloroform solution (see
Figure S13B of the SI). This long decay tail observed in the
photoluminescence of QDs has been attributed in the literature
to a process of delayed luminescence from charge transfer and
trapping in the surrounding environment of the quantumdot.37,38 Furthermore, it has also been associated with the
power-law statistics of emission intermittency of single-dots
observed in the time scale of ms to s.37,46,47 According to this,
we assume that delayed luminescence from charge transfer and
trapping in the surrounding environment is responsible for the
long decay tail observed in the emission of our QDs (“kct” and
“kbe” in Figure 3).
All of these considerations allow us to adopt an alternative
model to the multiexponential analysis of QD ﬁlm decays. In
particular, we assume that excitation energy transport and
trapping processes in the densely covered regions are the
processes most likely competing with radiative emission from
core exciton states. The model considers two separate
contributions from sparse and compact regions of immobilized
QDs in the ﬁlms. This picture is supported by the TEM images
that show regions compactly covered with QDs along with
other regions more sparsely covered. Therefore, the decay
function assumes two terms, S(t) and C(t), that account
separately for sparse and compact regions of quantum-dots:

images are shown in Figure 5 and a more detailed analysis is
presented in section 4 of the SI. The TEM images show regions

Figure 5. Transmission electron microscope images of CdSe QDs in
PSMABEE polymer mixed ﬁlms: (A) bilayer deposition and (B)
cospreading with a QD-polymer ratio of 1:1, both at high pressure, π =
30 mN/m; and cospreading with 1:2 ratio, (C) at high pressure, π =
30 mN/m and (D) at low pressure, π = 14 mN/m. Notice that the
patterns of TEM and FLIM images do not ﬁnd correspondence to
each other because of the diﬀerent length scales (see also section 5 of
the SI).

densely covered along with other regions more sparsely
covered. Overall, the bilayer ﬁlm shows a more regular particle
distribution than cospreading ﬁlms. We have highlighted these
regions of more regular packing in the TEM images of bilayer
ﬁlm by a yellow outline in Figure S10 of the SI. These regions
are referred to as “close-packed”. The cospreading ﬁlms also
show close-packed regions, but the packing of dots does not
seem so regular, and the presence of small aggregated clusters is
more noticeable. We have also highlighted the small aggregated
clusters in the TEM images of cospreading 1:1 ﬁlm by a red
outline in Figure S10 of the SI. We attribute to these small
aggregated clusters of QDs the role of excitation energy traps in
the deposited ﬁlms. This idea is supported by results from other
authors showing that luminescence quenching and enhanced
blinking occurs in small QD clusters. In order to explain this
observation, it was hypothesized that nonemissive charged
states could be stabilized by Coulomb interactions between
clustered QDs.41−45
However, within an ensemble of QDs, the surface conditions
vary between particles, and most likely there is a statistical
distribution of the number of surface defects per particle. Some
of the QDs are likely to have an extensive number of surface
defects, and these will have a low emission intensity and a short
decay. We hypothesize that QDs with extensive surface defects
may also act as energy traps in our ﬁlms, in addition to the
small aggregated QD clusters, as mentioned to above.
The photoluminescence dynamics of the ﬁlms are aﬀected by
the surface distribution of particles, because in the regions
densely covered the interparticle distances are only a few nm
and dot-dot excitation energy transfer is likely to occur within
the ensemble of close-packed particles. The migration of
excitation energy aﬀects the observed decay because of sample
heterogeneity and, in particular, because of excitation energy
traps commonly present in solid ﬁlms, i.e., small aggregated QD
clusters or QDs with extensive surface defects.

D(t ) = σS(t ) + (1 − σ )C(t )

(1)

The S(t) term describes the intrinsic photophysics of QDs,
which can be very complex because core exciton states often
interact with surface localized states and the surrounding
environment. In organically coated QDs, this type of
interaction can result in charge trapping on surface defect
sites, or on ligand-based orbitals, with the formation of an
ionized core state that is usually nonemissive. However, the
term C(t) further accounts for interparticle energy migration
and trapping processes, because it describes the contribution
from compact ﬁlm regions. An overview on the models selected
for S(t) and C(t), and their respective parameters, is explained
below.
To describe the term S(t), we use the model proposed by
Tachiya−Mozumder to interpret the luminescence decays
aﬀected by recombination from charge trapped to core excited
states.47,48 This model considers a mechanism of charge
trapping by electron tunneling toward a uniform distribution
of traps. The decay function is calculated by numerical Laplace
inversion of the following:
S(̂ s) =

1
s + k r + kct(τ0s)μ

(2)

with three adjustable parameters, the radiative recombination
rate kr, the charge transfer rate term τμ0 kct, and a power-law
exponent 1 + μ. A value of 30 ns was taken as initial guess for
−1
k−1
r in the ﬁttings. This value was estimated from the kr ﬁtted
for decays of QDs dissolved in chloroform solution and
corrected for the dielectric screening in the ﬁlms, as explained
in section 6 of the SI. The charge transfer rate term τμ0 kct was
varied to ﬁt the long time behavior of the ﬁlm decays. The
initial guess for the power-law exponent was also based on our
results of luminescence decays of QDs in chloroform, which
14791
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aﬀorded 1 + μ ≈ 2, or equivalently μ ≈ 1. In this case, from eq
2 we have,
S(t ) ≈ exp[−k r /(1 + kctτ0) × t ]

only a few adjustable parameters that aﬀord physical insight
about the systems studied.
The ﬁttings with eq 1 to the decays of bilayer and
cospreading ﬁlms are shown in Figure 2A,B (curves a−d)
and the parameters obtained are given in Table 1. The radiative

(3)

Here, we notice that eq 3 predicts an exponential decay law, in
agreement with results observed at long times in the decays of
Figure 2.
To describe the term related with the energy transport and
trapping, term C(t) in eq 1, we adopt the model developed by
Fayer and co-workers.49,50 This model was proposed to
interpret the excitation transfer in disordered two-dimensional
systems with randomly distributed donor and trap species. In
the model, the transport master equation uses the diagrammatic
expansion of the Green’s function to obtain the probability of
ﬁnding an excitation at a given position r at time t. Accordingly,
the Green’s function GS(r − r′,t) for the probability that
excitation is on the initially excited site at time t is given by the
following self-consistent equation in Laplace domain,

Table 1. Parameters Fitted with Eq 1 to Photoluminescence
Decays of CdSe QDs in PSMABEE Polymer Mixed Films for
the Several Deposition Conditionsa
high π
bilayer
k−1
r (ns)
τμ0 kct
1+μ
σ
CD
CT
a

1/3
S
S
Ĝ (ε) + (21/3π /33/2 τD1/3ε)(C D + 22/3C T)⎡⎣Ĝ (ε)⎤⎦

− 1/ε = 0

with τD, the donor lifetime, CD and CT, the donor and trap
reduced concentrations, as described below. From eq 4 the
probability PD(t) that an excitation is in the donor ensemble at
time t is obtained from the inverse transform of the following,
1/3⎫
⎧
D
S
S
Ĝ (0, ε) = Ĝ (ε)/⎨1 − (21/3πC D/33/2 τD1/3)⎡⎣Ĝ (ε)⎤⎦ ⎬
⎭
⎩

(5)

The corresponding decay law is obtained multiplying PD(t) by a
decaying exponential with the donor lifetime,
(6)

When ﬁtting the decays, we have assumed the approximation
in eq 3 for the individual QD decay in the time scale of
hundreds of ns, which implies that the donor lifetime is τD ≈
k−1
r (1 + kctτ0). The reduced concentrations CD and CT are
deﬁned by the following:
C D = π (RDD)2 ρD , C T = π (RDT)2 ρT
DD

Cospr

Cospr

Cospr

(1:1)

(1:2)

(2:1)

(1:2)

(2:1)

30.0
1.92
1.92
0.172
3.34
0.670

30.1
1.99
1.96
0.195
3.34
0.536

30.0
1.97
1.96
0.197
3.28
0.443

30.0
2.00
1.92
0.136
3.34
0.566

30.0
2.01
1.97
0.074
3.29
0.640

Cospr

See text for further details.

lifetime k−1
r of ca. 30 ns is similar for every ﬁlm, as expected,
since it is an intrinsic photophysical property of the QDs. It
agrees with the typical values of radiative lifetime of CdSe QDs
reported in the literature.4 The long decay components, in the
range of hundreds of ns (see Figure 4), correspond to
luminescence decay times that are aﬀected by other nonradiative processes, such as photoinduced charge separation and
trapping, which by recombination to the core excited-states
leads to delayed emission. The spectral distribution of the long
decay components was shown to essentially follow the emission
spectrum of the core exciton recombination band,53 with
slightly more contribution in the low energy side but that
nonetheless strongly supports that it corresponds to emission
from core excited-states. The model deﬁned by eq 1 explicitly
describes the process of delayed emission through the
parameters τμ0 kct, and 1 + μ, as described before.
However, it is interesting to notice that the concentration of
donors, CD, obtained from the ﬁt process is almost the same for
both systems, and it is close to the value of 3.3 particles within
the area of a Förster radius, while the concentration of traps,
CT, is approximately half for bilayers than for cospreading ﬁlms.
The dense concentration of donors CD is consistent with the
information obtained from TEM. Thus, if one considers the
estimated Förster radius of 4.1 nm and the QD average size of
3.5 nm, then a hexagonal compact arrangement would be
achieved for an interparticle surface-to-surface distance of about
0.7 nm, which compares well with the length of an
octylphosphonate derivative, e.g., the TOPO molecule.54 This
is in agreement with the simple visual inspection of TEM
images of bilayer ﬁlms, which show compact regions with an
approximately geometrical arrangement of particles (see Figure
4, or Figures S5 and S10 of the SI). However, to clarify this
issue, we have calculated the radial distribution function (RDF)
from the distribution of interparticle center distances in TEM
images. This function provides information about the shortrange order inside the QDs domains. The RDF of the TEM
images from the bilayer ﬁlm shows a proﬁle with two peaks
positioned at 5.1 ± 0.7 and 9.8 ± 0.7 nm. These features
compare roughly with the peak positions for the ﬁrst two shells
of a hexagonal compact arrangement with the particle size and
separation referred to above (see Figure S11 of the SI). By
contrast, the RDF of cospreading ﬁlms shows a single peak at

(4)

C(t ) = exp( −t /τD) × PD(t )

30.0
1.99
1.98
0.345
3.30
0.281

low π

Cospr

(7)

DT

with R and R , the Förster radius for donor−donor and
donor−trap energy transfer, ρD and ρT, the number densities of
donors and traps, respectively. Although the interparticle
distance is comparable with the QD size, it has been shown
that the dipolar approximation in Förster theory describes the
excitation energy transfer between QDs or even between QD
and ﬂuorescent molecules reasonably well.51,52 Using the
theory, we estimate a Förster radius RDD of 4.1 nm for
donor−donor energy transfer and assume a similar RDT value
for donor-trap energy transfer. However, when ﬁtting the
decays no assumption was made about RDD and RDT values by
treating CD and CT as the adjustable parameters.
The decays of our QD ﬁlms are only approximately described
by eq 1 mainly because of two reasons: (i) at very short times
(below ten ns), the surface defect states contribute predominantly to fast excited-state decay; and (ii) the model
considered for the compact regions, C(t), does not account
for boundary eﬀects due to ﬁnite domain size. In spite of these
limitations, the approximate description of eq 1 allows us to
rationalize the photoluminescence dynamics of QD ﬁlms using
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6.2 ± 0.7 nm followed by a plateau. The diﬀerences in the radial
distribution function give support to a more regular structure in
the bilayer ﬁlm, as previously inferred from a visual inspection
of the TEM images, and further reinforce the role of ﬁlm
morphology in the photoluminescence properties of QD ﬁlms.
The decays from both bilayer and cospreading ﬁlms are
approximately exponential at long times with the same slope
μ
(Figure 2A,B). Thus, the model parameters k−1
r , τ0 kct, and 1 + μ
describing the decay of isolated QDs or domains without
energy traps, S(t), are similar for bilayer and cospreading ﬁlms.
Only the relative contribution to the decay, σ, is diﬀerent with
the bilayer ﬁlm having a larger contribution of 34.5% compared
to 17.2% in the cospreading ﬁlm with QD-polymer 1:1 ratio.
We relate the larger contribution of S(t) in bilayer deposition to
a ﬁlm structure that contains a lower number of small
aggregated QD clusters that act as energy traps. The cluster
formation has been previously studied and was attributed to
dewetting processes. In our systems, previous results have
demonstrated that the deposition of QDs on LB ﬁlms of
polymers or Gemini surfactants avoids the dewetting processes
produced by cospreading deposition.15,16 The current work
further supports that nanoparticle clustering acts as energy
traps thereby reducing the PL emission, as it was proposed
elsewhere.44
To evaluate the eﬀect of the polymer concentration on the
luminescence properties, the photoluminescence decays of
ﬁlms with diﬀerent QD-to-polymer molar ratio were analyzed
according to eq 1. The QD−polymer molar ratios selected were
1:1, 1:2, and 2:1 respectively. The parameter values obtained
from the decay ﬁts show no signiﬁcant diﬀerences, except for a
small increase of the S(t) contribution when the polymer
concentration increases. More signiﬁcant is the emission
brightness observed in these ﬁlms that is related to the distinct
surface density of QDs, as it is shown in the inset of Figure 4B.
The eﬀect of surface pressure on cospreading deposition was
also evaluated. The ﬁtted parameters obtained for decay curves
of ﬁlms prepared by the cospreading method and surface
pressure of 14 mN/m are collected in Table 1. From the
parameter values, it is possible to conclude that at low surface
pressure, the ﬁlm decays have a lower contribution from the
long time exponential component (Figure 2B), while the rest of
ﬁtted parameters are almost independent of the polymer
concentration. The decrease of the emission intensity found in
these ﬁlms is also consistent with the decrease of the QD
surface concentration (see inset of Figure 4B).

and, although it is only an approximate model, it also allowed
us to relate the photoluminescence dynamics to ﬁlm
morphology. Indeed, the concentration of energy traps
retrieved from decay analysis for the bilayer ﬁlm is about half
of those in cospreading ﬁlms. Finally, from our results, it is
possible to conclude that to improve the photoluminescence
properties of QD ﬁlms, it is paramount to minimize the surface
defects and the QD clustering, which cause pronounced
emission quenching.
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