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Abstract Engineering the spectral properties of quantum
dots can be achieved by a control of the quantum dots or-
ganization on a substrate. Indeed, many applications of quan-
tum dots as LEDs are based on the realization of a 3D
architecture of quantum dots. In this contribution, we present
a systematic study of the quantum dot organization obtained
on different chemically modified substrates. By varying the
chemical affinity between the quantum dots and the substrate,
the quantum dot organization is strongly modified from the
2D monolayer to the 3D aggregates. Then the photolumi-
nescence of the different obtained samples has been system-
atically studied and correlated with the quantum dot film
organization. We clearly show that the interaction between the
substrate and the quantum dot must be stronger than the
quantum dot—quantum dot interaction to avoid 3D aggrega-
tion and that these organization strongly modified the photo-
luminescence of the film rather than intrinsic changes of the
quantum dot induced by pure surface chemistry.
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Introduction

Colloidal semiconductor quantum dots (QDs) are widely used
for new optical applications as white light emitting diodes [1],
solar cells [2, 3], or biological and chemical labels [4-6].
Their wide size-tuneable emission energy, high photostability,
narrow emission linewidths, very good photoluminescence
quantum efficiency make them very good candidates to be used
as optically active part in devices [7]. In particular, a very
important issue is to address the semiconductor nanoparticles
as ultrathin films without loss of their promising optical pro-
perties. Then, numerous studies have been dedicated to the
possibility of organizing the nanoparticles in thin films [8—10].
Indeed, various strategies have been used to organize the semi-
conductor nanocrystals on substrates. Layer by layer self as-
sembly technique [8], self assembled monolayer (SAMs)
technique [8], spin coated charged polymer [9] have been
used to produce monolayer or multilayered films of semicon-
ductor nanocrystals [10]. However, the optical properties of the
obtained films have not been systematically studied and
correlated with the thin film structure. In this work, we vary
in a controllable way the affinity of the QDs with the substrate
using different SAMs. Our goal is to understand how the self
assembly of the QDs on the substrate could influence the optical
properties of the film. This work is mandatory to understand the
mechanisms controlling the aggregation of nanoparticles in thin
films and to correlate the obtained organization of QDs with the
measured photoluminescence. To determine how the substrate
affinity with the QDs can influence their optical properties,
different substrates were realized through surface functionaliza-
tion using different organo-silanes [11-12]. The optical pro-
perties of the obtained QD layers were studied with far field
fluorescence spectroscopy and confocal microscopy. The ob-
tained results have been correlated with the structure of the QD
layer evidenced by atomic force microscopy.
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Materials and methods
Substrates preparation

The process requires high purity of all reagents and extreme
cleanliness of the substrates and glassware. The following che-
micals were of the highest grade and used as supplied: anhy-
drous toluene, toluene and ethanol (HPLC grade, ACROS);
3-mercaptopropyltrimethoxysilane (TTS, 95%), 3-aminopro-
pyldimethylethoxysilane (ATS, 97%), undecyltrichlorosilane
(ALTS, 97%) (ABCR/Gelest, Karlsruhe, Germany). The
substrates and glassware were thoroughly cleaned by immer-
sion into freshly prepared Piranha solution [H,SO,, 98%/H,0,,
30% 2:1 (v/v)] for at least 30 min, extensively rinsed with de-
ionized water and dried in an oven. The substrates were
immersed for 24 h in a 1% solution of silane in anhydrous
toluene under argon atmosphere. After washing with a solvent
sequence (toluene, ethanol) the substrates were sonicated in
toluene, which yielded high-quality silane monolayers. Water
contact angles were measured under ambient atmosphere at
room temperature by using the sessile drop method and an
image analysis of the drop profile with a home made system.
Water contact angles were in agreement with expected values
[13, 14]. Indeed, we found 106°+0.5, 67°+£0.3 and 55°+0.5
for samples ALTS, ATS and TTS, respectively.

Semiconductor nanocrystal deposition

The functionalized substrates were immersed at room tem-
perature for 30 min in a Core shell evidot (CdSe/ZnS/TOPO,
Fort orange, Evident Technologies) solutions in toluene with
the concentration varying from 2.5-107" g/l to 2.5-107* g/l.
The samples have been subsequently washed under flowing
toluene and then dried with argon.

Photoluminescence measurements

Far field photoluminescence spectra have been measured in air
at room temperature using a Jobin Yvon (55 cm focal length)
spectrometer (spectral resolution<1 nm). Measurements have
been performed using two different laser sources without any
control of the laser polarization. The first one was the 442 nm
ray of a HeCd laser. The second one was a laser diode with an
emission wavelength of 405 nm. In both cases the laser beam
has been expanded to cover 1 cm? on the sample.

Confocal microscopy

The confocal experiments discussed in this paper have been
conducted on a home-made fluorescence microscope at room
temperature. The setup has been developed from an inverted
microscope. Both the excitation at 458 nm (Ar laser)
wavelength and the light collection are ensured by a x60,
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NA 0.95 dry objective. The sample is placed in a holder
driven by a piezoscanner (scan range: 100 x 100 pm?). Before
reaching the detector, the collected light is filtered by a
dichroic mirror at 458 nm that cuts the excitation light. A
bandpass filter (542—622 nm) centered on the emission line
of the CdSe QDs further narrows the transmission window.
The light emitted in the focalization volume of the laser line
is then selected by an optical fiber (core diameter: 50 pum)
placed in the image plane of the sample. For the detection,
we either use a spectrometer equipped with a charge-coupled
device (CCD) camera cooled at —110 °C for spectral studies,
or an avalanche photodiode (APD) in the photon counting
mode for imaging.

Atomic force microscopy

AFM images were recorded in air with a M5 from Park
Scientific Instrument using a 100 wm scanner. The images
were recorded in intermittent-contact mode (IC-AFM). For
IC-AFM, Pointprobe Plus Tapping-mode sensors (PPP-
NCLR-20 Nanosensors) were used. These cantilevers had
resonance frequency around 146-236 kHz, a typical spring
constant of about 21-98 N/m and an integrated Si tip with a
radius around 10 nm. A second order flattening (line by line)
was performed on AFM images after acquisition.

Results and discussions

Figure 1 shows the photoluminescence spectra measured on
different samples obtained by immersion in a 2.5-107 g/l
QDs solution after functionalization with amine-terminated,
alkane-terminated and thiol-terminated silanes. Each spec-
trum has been obtained for a laser excitation power of
75 mW/cm?® at 442 nm. Note that the photoluminescence
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Fig. 1 Photoluminescence spectra of QDs obtained on different
substrates: thiol-terminated silane (green), amine-terminated silane
(blue) and alkane-terminated silane (pink). Each spectrum has been
obtained for a laser excitation power of 75 mW/cm?” at 442 nm
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intensity (PLI) of the QDs varies strongly with the chemical
nature of the ligand grafted on the substrate. As shown on
the figure, the measured PLI of the QDs on the thiol-
terminated silane (TTS) reaches its maximum for a wave-
length of about 613+9 nm. The maximum for the QDs on
the amine-terminated silane (ATS) is reached at 610+8 nm
and at 614+£9 nm for the QDs deposited on the alkane-
terminated silane (ALTS). Note that the Full Width at Half
Maximum of the different spectra (FWHM=26+3 nm) is
independent of the chemical nature of the silane and reflects
a collective response corresponding to the size distribution
of the considered QDs. Second, the measured PLI is higher
(3,000 cps) for the QDs deposited on the TTS than for the
PLI measured on both the ATS (1,500 cps) and the ALTS
(250 cps).

To determine the origin of the large differences in the
measured PLI, an AFM study of the different samples has
been performed. The AFM images, shown Fig. 2, reveal a
significant difference in the structure of the QDs layer de-
pending on the different silanes. Indeed, the film obtained on
the thiol-terminated silane is homogeneous showing a dis-
perse monolayer of QDs on the substrate (Fig. 2a). Moreover
the profile clearly shows that the monolayer is composed of
very small 2D aggregates or single QD. On the other hand,
the QD film obtained on the amine-terminated substrate is
characterized by larger 3D aggregates (see Fig. 2b) but the
thickness varies from the mono to the bilayer as revealed by
the profile. Finally, the alkane-silane functionalized substrate
shows the less homogeneous QD dispersion (see Fig. 2c).
Indeed, the substrate is not well covered and large 3D ag-
gregates are visible. Moreover roughness (rms) measure-
ments reveal that the roughness is about 2.9 nm for the TTS
sample, 4.6 nm for the ATS sample and 10 nm for the ALTS
sample in good agreement with the observations.

To better understand the behavior observed on our QDs
layer, confocal microscopy coupled with single QD (or small
aggregate) spectroscopy have been performed. Typical

confocal images (10 umx10 pm) for the concentration of
2.5-10 g/l are shown on Fig. 3. Note that the excitation
power is about 90 nW for the TTS and the ATS samples but
is about 1,100 nW for the ALTS sample. The normalized
mean intensity of each pixel is about 273.35 cps/nW,
37.24 cps/nW and 2.63 cps/nW for the TTS, the ATS and
the ALTS, respectively. These results confirm the dependen-
cy of the photoluminescence intensities determined above
with the surface modification. Moreover, the standard
deviation values are orrg=104.4 cps/mW, oa1s=5.75 cps/mW
and oarrs=2.15 cps/nW, indicating that the QDs distribution
is more homogeneous for the TTS and ATS samples than for
the ALTS sample.

To determine if the measured differences are coming from
an intrinsic change of the individual QD properties or from a
change of the collective properties of the QD assembly, single
QD spectroscopy has been performed. Typical results are
shown Fig. 4 for the different substrates. Thus, for all the
functionalized substrates an identical response of an individ-
ual QD (or small aggregate) has been found. Indeed, emis-
sion wavelengths varying from 590 nm to 610 nm have been
measured which correspond to the given size dispersion of
the commercial solution. Furthermore, PLI varies from 5 cps
to 20 cps indicating a single emitter or a reduced number of
emitters (lower than 5) [15, 16]. These results do not show
any evidences for the well-known quench induced by the
non-protonated amines. This is certainly due to various
parameters: first, the core—shell QDs are well stabilized and
second, the most important, is that in our experimental con-
ditions (in room temperature in air), amines of the ATS are
protonated [12].

Finally, a systematic study of the far field photolumines-
cence of the most promising samples (TTS) as a function of
the laser excitation power at 405 nm has been performed. For
this purpose, the concentration of the QD solutions has been
varied by four orders of magnitude starting from 2.5-10"" g/l
to 2.5-10* g/l. Results are shown Fig. 5. Figure 5a shows a
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pm um

Fig. 2 Typical atomic force microscopy images (Tapping-mode AFM, 5 umx5 um) and their associated profiles of the QDs layer obtained on:
a thiol-terminated silane, b amine-terminated silane and ¢ alkane-terminated silane
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Fig. 3 Typical confocal images (10 pmx>10 pm) of the QDs layer obtained on: a thiol-terminated silane for an excitation power of 90 nW,
b amine-terminated silane for an excitation power of 90 nW and ¢ alkane-terminated silane for an excitation power of 1,100 nW

typical set of measured spectra for the sample realized using
the 2.5-107 g/l solution. The laser excitation power varies
from 0.1 mW (lower red curve) to 25 mW (higher orange
curve). The maximum wavelengths do not vary with the
excitation power. Each curve has been integrated in order to
obtain the PLI, which is shown on Fig. 5b for all the sam-
ples. The PLI increases with the laser excitation power for all
the QD concentrations. The PLI increases with the concen-

tration of about one order of magnitude between each con-
centration indicating a quasi-constant dependence of the
PLI with the laser excitation power as clearly evidenced on
Fig. 5c. Indeed, Fig. 5¢ shows the normalized PLI (I/I5,w)
for all the different samples. It appears that the PLI de-
pendency is the same (variations are lower than 10%) for all
the samples indicating that there are no drastic changes of
the photoluminescence induced by the concentration of the
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Fig. 4 Confocal images (2 umx2 pm) and the corresponding
spectrum of an isolated QD deposited on: a thiol-terminated silane
for an excitation power of 90 nW, b amine-terminated silane for an
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Fig. 5 Photoluminescence
measurements obtained on TTS
for different QD concentrations.
a Examples of photolumines-
cence spectra measured for the
TTS sample with [QD]=2.5-
1073 g/l as a function of the laser
power. b Photoluminescence
intensity (PLI) vs. laser power
measured on the different

TTS samples with [QD]=
2510 g/l (V),2.5"

1072 g/l (A), 2.5-102 g/l (m),
2.5-107" g/l (o). ¢ Normalized
PLI (I/tp=25mw) Vs. laser power
measured on the different TTS
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QDs (i.e. no quenching by concentration). On the other
hand, the wavelength corresponding to the maximum of the
photoluminescence spectra varies with the concentration of
the QDs solution as shown Fig. 5d. The maximum wave-
length rapidly increases up to 609 nm and then saturates.
This red shift could be explained by energy transfer from the
blue emitting particles to the red emitting particles arising
from dipolar coupling between proximal QDs [17, 18].
Indeed, the 6 nm redshift is in good agreement with the
particles size dispersion of about £5% (i.e. the core diameter
varies from 2.75 nm to 3.05 nm) [19]. As shown in Fig. 5,
for a high photon absorption probability, the emissive re-
combination process is higher in the case of the low density
layer. Indeed, as shown in Fig. 5d, the non emissive recom-
bination induces a red-shift of the QD emission. Note that
this lower emissive recombination in the case of the denser
layers do not induce any saturation of the photoluminescence
due to the quite low incident beam power used in this study.

The strong difference in photoluminescence efficiency
and in structure of our luminescent nanostructures can be
explained considering the competition between the different
chemical QD-QD and QD-surface interactions [20, 21].
Indeed, the QD—QD interactions are governed by van der
Waals interactions between alkane chains of the ligands
(TOPO). On the other hand interactions between the QDs
and the functionalized substrates are strongly dependent on
specific interactions between the QD and the terminal che-
mical group of silanes (i.e. methyl, amine and thiol). In the

1 1
20 25

0.001

0.01
concentration (g/1)

LA LL
0.1

case of ALTS, the QD—surface interactions are van der Waals
type. From our AFM image (see Fig. 2¢), it seems that the
energetically more favourable situation is the clustering of
QDs in 3D aggregates instead of the organisation in a ho-
mogeneous film. This resulting structure could be explained
by the difference of density of alkane chains on the surface
and on the QDs. Indeed, the high density of the ALTS film,
as indicated by the water contact angle, does not allow a
strong interdigitation of the chains contrarily to the TOPO
layer on the QDs. In the case of ATS, the QD-surface
interaction seems better than in the previous case. Indeed,
the interactions are certainly governed by long range
electrostatic interactions between the protonated amine of
the ATS and the slightly negatively charged QDs. Never-
theless the surface coverage remains low and the 3D growth
of the clusters is not annihilated. In the last case, the possi-
bility of a pseudo-covalent bond between the TTS and the
ZnS shell of the QD induces large forces. Then, the film is
completely 2D with a cluster growth parallel to the surface
as shown Fig. 2a. As a consequence of these observed
structures, the difference in the measured photoluminescence
between the different samples could be easily understood.
The number of absorbed photons by QD strongly depends on
the surface coverage. Indeed, the probability for the photon
absorption by a QD is higher in the case of a 2D layer
perpendicular to the incident beam than in the other case.
This value is maximized in the case of the TTS samples,
which shows the strongest photoluminescence.
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Moreover this explanation is coherent with the fact that
the single emitter shows a photoluminescence very similar
[15] (see Fig. 4) indicating that there is no intrinsic change
in the QDs (for example, there is no quench induced by the
non-protonated amine).

Conclusion

To summarize, the self organization of the QDs on the sub-
strate can be understood considering the affinity of the nano-
particles with the different substrates. It appears clearly from
our results that the interaction between the substrate and
the nanoparticles must be stronger than the nanoparticle—
nanoparticle interaction to avoid 3D aggregation. Furthermore,
emission properties of QDs can be at least in a first appro-
ximation understood in terms of particles organization rather
than intrinsic changes induced by pure surface chemistry.
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