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The photoluminescence of CdSe/ZnS quantum dots (QDs) in different configurations at solid surfaces (glass,
silicon, PDMS, and metals) is considered for three types of organization: QDs directly adsorbed on solid surfaces,
separated from the solid surface by a nanoscale polymer film with different thickness, and encapsulated into a polymer
film. The complete suppression of photoluminescence for QDs on conductive metal surfaces (copper, gold) indicated
a strong quenching effect. The temporal variation of the photoluminescent intensity on other substrates (glass, silicon,
and PDMS) can be tuned by placing the nanoscale (3-50 nm) LbL polymer film between QDs and the substrate.
The photooxidation and photobleaching processes of QD nanoparticles in the vicinity of the solid surface can be tuned
by proper selection of the substrate and the dielectric nanoscale polymer film placed between the substrate and QDs.
Moreover, the encapsulation of QD nanoparticles into the polymer film resulted in a dramatic initial increase in the
photoemission intensity due to the accelerated photooxidation process. The phenomenon of enhanced photoemission
of QDs encapsulated into the ultrathin polymer film provides not only the opportunity for making flexible, ultrathin,
QD-containing polymer films, transferable to any microfabricated substrate, but also improved light emitting properties.

Introduction
Semiconductor nanocrystals, or colloidal quantum dots (QDs),

show unique size-dependent optical properties1 and are currently
of great interest for various prospective applications in opto-
electronic,2,3 photovoltaic4 devices, optical amplifier media for
telecommunication networks,5 and for biolabeling.6,7 The good
photostability, high photoluminescence (PL) intensity, and a broad
emission tunability make these QDs an excellent choice as novel
chromophores. Assembling QDs at solid surfaces and interfaces
is a critical stage required for their integration with solid-state
devices. Moreover, processing of QDs in a combination with
polymeric materials may allow the fabrication of flexible and
thin luminescent materials in the form of films, fibers, and 3D
items. Several fabrication techniques are widely used to make
ultrathin organized nanocomposite films including spin casting,
Langmuir-Blodgett (LB) deposition, and layer-by-layer (LbL)
assembly.8,9 One of the more successful approaches employed
was the LbL assembly (especially spin-assisted LbL), which
allows for controlled placement of various nanoparticles such as
QDs between polymeric multilayers and precise adjustment of
distance between the underlying surface and the array of
nanoparticles confined within multilayered structures.10-14

It is important to understand the effect of the supporting
substrate in the emission properties of QD nanoparticles, because
the photoemission can be quenched or enhanced by the substrate
located in the close proximity to the QDs. As known, the decay
of the quenching efficiency is highly sensitive to the distance,
with the highest quenching occurring at 2-10 nm from the metal
surfaces with quenching virtually disappearing for the distance
higher than 10-20 nm.15According to the Fo¨rster resonant energy
transfer (FRET) theory, the energy transfer efficiency near a
metal nanoparticle scales to the inverse sixth power of the distance
if the nanoparticle is assumed to be a single dipole.16,17However,
for certain combinations of metal surfaces and chromophores,
a weak distance dependence (down to linear) with significant
quenching extending beyond a 20 nm gap or even an increase
in emission intensity can be observed.18-21

As a step in the understanding of the QD behavior at different
surfaces, Kotov and his co-workers studied the formation of
QDs monolayers on silicon substrates modified with different
polycations: (3-aminopropyl)-triethoxysilane (APTES), poly-
ethylenimine (PEI), and poly(diallydimethylammonium) chloride
(PDDA).22The marked difference in the structural characteristics
of the QD aggregation such as an overall particle density and
the variable surface distribution has been found for these surfaces.
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On the PDDA-coated surface, QDs were adsorbed in a
homogeneous, close-packed monolayer with occasional random
aggregation or multilayer formation. Unlike PDDA, a significant
aggregation of QDs occurs on a PEI or APTES-modified surface
with single QDs observed only occasionally. However, the effect
of the thickness of the polymer/organic film on the PL intensity
of QDs was not elucidated. The effect of polymer type on the
PL intensity of colloidal solutions of QDs was also reported. For
instance, the ZnS:Mn2+ QDs covered with poly(vinylbutyral)
and sodium polyphosphate showed PL efficiency 10-15 times
higher than that of uncovered QDs.23Oliveira et al. have prepared
multilayered polymer/CdSe LbL composite films.24 The im-
portance of the host polymer in the LbL films was demonstrated
by the observation that the PL intensity of poly(amidoamine)/
CdSe films is ca. 50 times higher than the PL from PAH/CdSe
films.

A very intriguing phenomenon of the photoinduced lumi-
nescence enhancement has been reported in two-dimensionally
close-packed QD layers as well as in QD dispersions.25 A
significant increase of the intensity of QD emission upon
illumination with UV or ambient light observed in this study and
in several other reports opens the door for highly increased
efficiency of bioimaging with QDs and thus draws significant
attention.22,26,27Several mechanisms underlying the PL intensity
increase have been suggested in recent studies including (1)
photoadsorption of gaseous molecules (e.g., H2O) on QD surface
and the resulting passivation of the surface states (photoacti-
vation),26,28 (2) photoinduced surface transformation29 and/or
photoinduced rearrangementof ligandmoleculesonQDsurfaces30

(phototransformation), (3) photoneutralization of local charged
centers inside and outside of QDs (photoneutralization),31 and
(4) photoionization of QDs and subsequent trap filling by ejected
carriers that leads to the suppression of the ionization probability
of the remaining neutral QD nanoparticles (photoelectrifica-
tion).32,33 For instance, it has been demonstrated that QD
nanoparticles coated with poly(vinylbutyral) and sodium poly-
phosphate as well as with poly(vinyl alcohol) and methacrylic
acid showed the highest increase of the luminescence quantum
efficiency upon irradiation.23 These changes were related to the
UV curing of the passivating polymer shell.

It is generally accepted that water or oxygen in a combination
with light (ambient or UV) is required for these photochemical
reactions to become efficient. However, overall, the temporal
behavior is usually complicated by many more environmental
factors, such as the atmosphere composition, QD size, ligand
molecule type, and substrate nature. The role of the capping
molecules, polymer shells, humidity, and the presence of oxygen
in the rate of the emission intensity of QD-containing films is
widely debated.

In this study, we address the role of the supporting substrates
and the organic environment on the evolution of the photoemission
of CdSe/ZnS QD nanoparticles under UV illumination. The
complete quenching of the PL intensity of the QD nanoparticles
encapsulated into polymeric LbL film was observed on conductive
metal surfaces (copper, gold) in a sharp contrast with the
nonconductive silicon, poly dimethyl siloxane (PDMS), and glass
surfaces. The placement of QDs on these surfaces leads to the
significant increase of the PL intensity accompanied by the blue-
shift of the main emission peak. We demonstrate that the
photoemission intensity can be tuned by varying the thickness
of the LbL films (within 3-50 nm) in contact with QD
nanoparticles. Moreover, we observed that the higher increase
in the emission intensity occurs for the QD nanoparticles
encapsulated between the polymeric LbL multilayered films.

Experimental Section

Materials. The polyelectrolytes, poly(allylamine hydrochloride)
(PAH) (MW ) 70 000) and poly(sodium 4-styrenesulfonate) (PSS)
(MW ) 70 000), were purchased from Aldrich and used without
further purification. Ultrapure water with a resistivityσ > 18.0 MΩ
cm used in all experiments was purified with a Nanopure system.
Silicon wafers were cut to a typical size of 10× 20 mm and were
cleaned in a piranha solution [1:3 (v/v) H2SO4/H2O2], according to
a usual procedure adapted in our laboratory.34 Attention: Piranha
solution is extremely dangerous and should beVery carefully treated.
Silicon wafers of the{100} orientation with one side polished
(Semiconductor Processing Co.) were atomically smooth (micro-
roughness within 1× 1 µm surface area below 0.1 nm). After being
cleaned, the substrates were rinsed thoroughly with Nanopure water
and dried with dry nitrogen before they were used. PDMS substrates
were prepared by curing liquid pre-polymer (Sylgard 184, Dow
Chemical) on top of the corresponding silicon template at room
temperature overnight under vacuum.

Synthesis of CdSe Nanoparticles.Core-shell CdSe/ZnS QDs
were prepared according to the known procedure.35-37 An amount
of ZnS precursor (diethylzinc (Zn(CH2CH3)2):hexamethyl(disi-
lathiane) ((TMS)2S) ) 1:1 in trioctylphosphine (TOP)) was added
to tri-n-octylphosphine oxide (TOPO)-functionalized CdSe solution
at elevated temperature. The resulting organic-soluble CdSe/ZnS
QDs were subsequently converted into water-soluble nanoparticles
via ligand exchange with thioacetic acid (TAA) according to the
usual procedure.38

Fabrication and Release of LbL Films.The multilayer QD-
LbL polymer films (general formula: (PAH/PSS)nPAH/QD/(PAH/
PSS)n/PAH)) were fabricated using spin-assisted (SA)-LbL method
as discussed in detail earlier.39-41 A monolayer of PAH on a silicon
wafer was deposited from the 0.2% PAH solution by spin-casting
for 20 s at 3000 rpm. The substrate was rinsed twice with Nanopure
water and dried while spinning for 20 s. In the same manner, PSS
monolayer was deposited from the 0.2% solution. This procedure
was repeated until the needed number of polymer bilayers,n, was
achieved. To form a QD monolayer, a 150µL droplet of 0.1% QD
solution was dropped on the PAH-terminated silicon substrate and
rotated for 20 s at 3000 rpm. The substrate was then rinsed twice
with Nanopure water, and the same number of polymer bilayers,n,
was deposited again. For the preparation of released LbL films, a
sacrificial cellulose acetate (CA) layer was spin cast on the freshly
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cleaned silicon substrate.10,11,42A droplet (150µL) of the 2% CA
acetone solution containing 1 wt % of water was placed on the
silicon substrate and rotated for 20 s with a 3000 rpm. The LbL
multilayer was further assembled on top of the sacrificial CA layer.

Substrate cleaning, fabrication, and release of LbL films were
performed in a cleanroom class 100. After fabrication, the LbL films
were cut into approximately 2× 2 mm2 squares using a stainless
steel microneedle and released by submersion in acetone, which
dissolves the CA layer.43 The LbL films were next transferred to
Nanopure water where they were picked up with various solid
substrates and dried before use. Drying and removing a water layer
results in significant residual stresses, which, however, do not affect
the film state as was discussed in previous studies.10 In this study,
we used a highly polished copper plate with a single micromachined
hole in its center, a freshly clean silicon wafer, a PDMS substrate
with/without sputtered gold, a copper transmission electron mi-
croscopy (TEM) grid, and a float glass slide.

Instrumentation. UV-vis spectra were recorded with a UV-
1601 spectrometer (Shimadzu). AFM images were collected using
a Dimension 3000 AFM microscope (Digital Instruments) in the
tapping mode according to the usual procedure adapted in our
laboratory for ultrathin polymer films.44To evaluate a film thickness,
the LbL film edge was scanned with AFM, and the images were
analyzed with the bearing analysis. TEM was done with a JEOL
1200EX electron microscope operated at 80 kV. Bright field optical
and fluorescent images were captured with an optical fluorescent
microscope Leica DM4000M (an excitation wavelength 365 nm).
Luminescence spectra were recorded using a Craig QDI 202 point-
shot spectrophotometer attached to the microscope (sampling area
1× 1 µm, collection time 15 s). UV illumination of LbL-QDs films
was conducted with the optical setup of optical fluorescent microscope
Leica DM4000M. A mercury lamp (100 W) was used as a light
source. The light with wavelength 365 nm was focused using a 50×
objective (N.A. 0.6) onto the sample with the diameter of the beam
spot 500µm. The intensity of the incident light was estimated to
be about 1.3 W cm-2.

Buckling Test.The buckling test was conducted for the evaluation
of the elastic modulus of LbL films.45,46 For an isotropic film, a
uniform buckling pattern having a characteristic wavelength,λ, takes
place above a critical compressive stress, and this spacing can be
used to evaluate the elastic modulus.47To initiate the buckling pattern,
a 2× 2 mm LbL film was placed over a 0.6× 0.6 cm× 0.4 cm
PDMS substrate, which was slowly compressed with a micrometer-
sized increment keeping the compressive strain below 2%. The
compression was monitored in a differential interference contrast
(DIC) mode adjusted for maximum contrast. Digital optical images
were analyzed by using Fourier transformation within ImageJ
software.

Results and Discussion

QD Properties.QD solution shows an adsorption maximum
at 590 nm, which corresponds to the first excitonic transition in
the absorption spectra (Figure 1).48 The corresponding photo-
emission displays a pronounced and narrow PL peak at 633 nm,
which is common for CdSe nanoparticles with a 5 nmdiameter
(Figure 1).49 The general schematic of water-soluble CdSe/ZnS
nanoparticles capped with TAA is shown in Figure 2. The analysis
of QD size distribution was reported in our recent paper.50Briefly,
QDs show a relatively narrow distribution with the average

diameter at 4.9( 1.2 nm. The CdSe core is covered with two
to three atomic layers of ZnS, which correspond to the thickness
of ZnS shell of about 0.7 nm.36 The surface density of QDs was
kept fairly constant in the course of deposition for all experi-
ments: around 3000 particles per 1µm2, which corresponded
to the surface coverage 6% (see TEM data in Figure 3a and
detailed discussion in ref 50). The high-resolution AFM image
shows predominantly individual nanoparticles deposited on the
solid surface (lateral dimensions significantly dilated due to the
convolution with the AFM tip) (Figure 3b). The QD surface
density was kept relatively low due to a tendency to the formation
of QDs aggregates with the increasing surface coverage.

In our study, we consider the QDs on different stages of their
encapsulation into LbL film: (a) on the top of the silicon surface
covered with the PAH monolayer (a reference specimen), (b)
separated from the silicon surface by nanoscale LbL films
(thickness varied from 3 to 50 nm), and (c) encapsulated inside
the LbL films with a variable thicknesses (Figure 4). The LbL
technique allows a precise control of the QD placement relatively
to the silicon surface with QD nanoparticles predominantly
confined into a single plane effectively forming loose monolayer.
The thickness of PAH/PSS bilayers in our experiments ranged
between 2.5 and 3 nm, which is common for this composition.51

QD Photoemission with Different Configurations.As we
observed, the photoemission intensity of QD monolayer on the
silicon surface strongly depends upon the thickness of the
underlying polymeric film (Figure 5a). However, the position of
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Figure 1. Absorption and luminescence spectra of 0.1% QD solution.

Figure 2. General schematic of water-soluble TGA capped CdSe/
ZnS quantum dot.
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the PL maximum remains unchanged, indicating identical local
environment (PAH surface in all cases). The PL intensity linearly
increases with the increasing thickness of the underlying polymer

film manifold for the same experimental conditions (10 times
for the film thickness 50 nm) (Figure 5c). Similarly, adding the
polymer film on top of QDs leads to a linear increase of
photoemission intensity with a further, 2-/3-fold increase as
compared to uncapped QDs (Figure 5b,c).

The increase of the PL intensity with the increasing distance
between QD and the silicon surface can be related to the reduction
of the energy transfer between QD nanoparticles and the silicon
surface. The presence of conducting and semiconducting surfaces
in close proximity is known to be responsible for the quenching
of the QD photoemission.54 The effect of quenching of
fluorescence of organic dyes and fluorescent nanoparticles by
metal surfaces is known for fluorophores located within 5-10

(52) Duijs, E. F.; Findeis, F.; Deutschmann, R. A.; Bichler, M.; Zrenner, A.;
Abstreiter, G.; Adlkofer, K.; Tanaka, M.; Sackmann, E.Phys. Status Solidi B
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Figure 3. TEM (a) and height AFM (b) images of CdSe nanoparticles
encapsulated in (a) and adsorbed on (b) LbL film.

Figure 4. General schematic of the microstructure of the QD
monolayer located (a) on top of PAH-covered silicon surface, (b)
on top of the LbL flm, and (c) encapsulated between two LbL films.

Figure 5. Emission spectra of the LbL films with different thickness
of polymer film between QDs and silicon surface (a) and above QD
monolayer (b). The PL intensity versus the thickness of polymer
LbL film: 1 for (a) and 2 for (b), (c).

4512 Langmuir, Vol. 23, No. 8, 2007 Zimnitsky et al.



nm from the surfaces.52,53However, the surprising result is that
the surfaces act as an effective emission quencher on the distances
as high as 30 nm if PSS-PAH films are involved. We suggest
that these polycation-polyanion multilayers used in our study
act as a charge conductor between QDs and the metal surface,
on one hand, and between adjacent QD nanoparticles, on the
other hand. As a result, QDs form a network, and the energy,
absorbed by QDs, effectively dissipates within polyelectrolyte
matrix with substantial water content without photoemission. In
fact, adding PAH/PSS bilayers was demonstrated as an effective
way to reduce photoemission quenching of organic chro-
mophores.18In all cases, the distance dependence is much slower
than that predicted by different energy transfer models, which
is not clear understood and might be associated with the in-plane
redistribution of initiating centers as mentioned above.18

The increasing photoemission intensity after the capping of
QDs with LbL film was unexpected because the distance between
the silicon surface and QDs remains constant. We might speculate
that this phenomenon can be caused by specific interactions of
QDs with polymer matrix. Wrapping of QDs with charged
polyelectrolyte backbones could result in the partial healing of
the existing surface defects due to slow oxidation of QDs core
within swollen matrix during and after deposition of additional
bilayers from aqueous media.55In fact, water molecules adsorbed
on the QD surface were considered to be instrumental in the
photoemission activation.26 Other study reported that the PL
intensityofQDs incolloidal solutioncanbesignificantlyenhanced
by adding proper polymers.23 It has been suggested that the
coverage of QDs by polymer chains reduces the number of
dangling bonds on the surface of the particle. Dangling bonds
provide surface trap states for nonradiative recombination, and
their reduction effectively suppresses the energy transfer
responsible for the reduced photoemission.55 In a related study,
Zhang et al. observed the increase of the PL intensity of QDs
in the presence of poly(acrylic acid).56 The authors considered
the wrapping of polymer chains around the fluorescent nano-
crystals as a protective environment, improving the stability of
QDs.

Effect of Substrate on the PL Intensity of Encapsulated
QDs. The LbL films with encapsulated QDs were stable and
robust in acetone solution, thus allowing the transfer to different
solid substrates and even suspension across the microscopic
opening. The results of the buckling test of these films confirmed
their excellent mechanical properties with the ability to sustain
high mechanical stresses. The Young’s modulus estimated from
the buckling periodicity according to the known approach was
about 2.0 GPa.57,58This value is close to those obtained earlier
in our group for purely polymeric PSS-PAH LbL films, which
is expected because of a very low volume content of QD
nanoparticles in the LbL film tested (0.3 vol %).59-61

The fabricated (PAH/PSS)9PAH/QD/(PAH/PSS)9/PAH (QD-
LbL or 9QD9) films were transferred on different substrates
including silicon and PDMS, copper plates, TEM grid, glass,

and PDMS with a layer of gold. The PL peak positions of LbL
films on the different substrates are very similar to that recorded
for the QD solution, but the peak intensity was strongly affected
by the substrate type (Figure 6). The photoemission is completely
absent for the QD-LbL films transferred on metal substrates
(copper and gold) (Figure 6). However, the films transferred on
silicon, PDMS, and glass substrates possess strong photoemission
with the intensity on glass 40% higher than that on silicon and
PDMS substrates (Figure 6). The lower emission for the QD-
LbL film on silicon and PDMS substrates is presumably caused
by different reflective properties.

Temporal Changes of QD Photoemission upon Illumina-
tion. The temporal evolution of the PL intensity was studied for
the LbL film with encapsulated QD nanoparticles deposited on
selected substrates under continuous UV illumination with the
intensity reaching 1.3 W cm-2 (Figure 7). A significant initial
increase of the PL intensity occurs with 45 min of illumination
followed by its gradual decrease within several hours (Figure
8a). This non-monotonic change of the PL intensity is ac-
companied by a steady blue-shift of the peak position (Figure
8b). The overall trend in the PL evolution is similar for LbL
films deposited on different substrates although with some
noticeable differences as will be discussed below.

Several recent studies revealed the temporal evolution of the
PL intensity of QDs under illumination with UV and ambient
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Figure 6. Emission spectra of the 9QD9 film deposited on different
substrates.

Figure 7. Emission spectra of the 9QD9 film on the silicon surface
after various times of UV illumination.
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light.26,62,63Depending upon the illumination intensity and time,
either continuous, steady emission increase or initial increase
followed by decrease was reported. The rate of PL changes
detected in different studies varied significantly because different
light sources were used. The effect of environmental factors
(humidity, oxygen, and wrapping polymers) on the PL evolution
was demonstrated and discussed in terms of various photoinitiated
processes.

The initial increase of the PL intensity of the QD nanoparticles
is considered to be caused by the accelerated photooxidation of
CdSe surface, which reduces the surface roughness of nano-
particles and atomic-scale surface imperfections (Figure 9).62

These changes result in the enhanced emission due to the reduced
paths for the nonradiating energy transfer. It was demonstrated
that oxygen and water molecules are critical for the initiation of

the photooxidation process. The increase of their content leads
to the increase of the rate of the PL enhancement. The progressive
photooxidation is further accompanied by the reduction of the
QD dimensions on later stages, which results in the gradual
blue-shift of the emission maximum (Figure 9). Finally, the
subsequent decrease of the PL intensity under further illumination
is believed to be caused by the photobleaching of QDs, which
involves either thiol-shell photooxidation or the oxidation of the
QDs core with a singlet oxygen.64-66

Although the overall changes in the photoemission observed
here are similar to those already presented in the literature, two
features should be noted. First, the rate of the photooxidation
decreases in the series of different substrates: silicon- PDMS
- glass. We suggest that this is caused by different reflective
properties of the substrates causing different amounts of light
reaching QD nanoparticles. In the case of silicon wafers, the
incident light reflects from the highly polished silicon surface
and contributes significantly to the QD photooxidation, resulting
in much faster photobleaching and diminishing nanoparticle
dimensions. On the contrary, the glass substrate is the most
transparent among substrates, causing the light to pass through
with no additional photooxidation by the reflective light and,
thus, the slowest rate of photobleaching and the size reduction.
The properties of the PDMS substrate are between highly
reflective silicon and transparent glass, so the rate of photo-
oxidation of the QD-LbL film on the PDMS substrate is between
silicon and glass.

Second, the evolution of the PL intensity of QDs strongly
depends upon their location with respect to the substrate and
their nearest polymer environment as represented in Figure 4.
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Figure 8. Evolution of intensity (a) and position (b) of emission
maximum under UV illumination for 9QD9 film on silicon (1),
PDMS (2), and glass (3) substrates.

Figure 9. Schematic of nanoparticles changes under UV illumination
according to the literature data. In the first stage, the number of
surface defects and roughness decreases, resulting in photoemission
increase. In the second stage, QD size decreases due to photo-
bleaching, resulting in the intensity decrease.

Figure 10. Evolution of intensity (a) and position (b) of emission
maximum under UV illumination for QDs monolayers located on
the top of PAH monolayer (1), 9QD film (2), and 9QD9 film (3).
Supporting substrates were silicon wafers in all cases.
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To address this aspect, we monitored the PL intensity evolution
for all three arrangements on the silicon substrate (Figure 10).
In fact, very insignificant variation of the low PL intensity was
observed for QDs placed in close proximity to the silicon surface
(Figure 10). The separation of QDs from the silicon substrate
with the polymer film resulted in the overall increase of the PL
intensity, but the photooxidation rate does not change signifi-
cantly. However, the encapsulation between polymeric films
leads to significant initial PL enhancement followed by a gradual
PL decrease. These changes are accompanied by a significant
blue-shift, indicating a fast reduction of the QD nanoparticle
dimension. In fact, the TEM data showed slightly reduced (10%)
size of QDs in the film after illumination with UV light (not
shown). Apparently, the encapsulation of QDs into the polymer
film stimulates both photooxidation and photobleaching pro-
cesses. This acceleration could be related to the presence of
water molecules bound to polyelectrolyte matrix in the course
of assembly on QD nanoparticles, as well as to the presence of
the charged groups serving as additional nucleation sites.

In conclusion, we demonstrated that the photooxidation and
photobleaching of QD nanoparticles in the vicinity of the solid

surface can be tuned by a proper selection of substrates and the
dielectric nanoscale polymer film placed between the substrate
and QDs. Moreover, the encapsulation of QD nanoparticles into
the nanoscale polymer LbL films results in the dramatic increase
in the photoemission intensity due to accelerated photooxidation
process. The phenomenon of the enhanced photoemission of
QDs encapsulated into the ultrathin polymer film is interesting
for sensing purposes because such an encapsulation not only
provides the opportunity for making flexible ultrathin films,
transferable to any microfabricated substrate, but also leads to
potentially much improved light emitting properties.
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