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We report shell-isolated nanoparticle-enhanced fluorescence (SHINEF) of CdTe quantum dots. Enhanced
spectra are obtained after Ag SHINs were spread onto homogenous CdTe quantum dot/polyelectrolyte
layer-by-layer (LbL) films on quartz. The thin silica shell of the SHINs effectively isolates the Ag cores,
preventing short-range quenching to the metal and enabling plasmon enhancement of the quantum dot
fluorescence (ca. 35 fold).

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Hybrid structures of semiconductor and metal nanoparticles are
currently of great interest and intense research. By combining the
Rom�an).
properties of these materials it is possible to obtain functional
systemswith applications in sensing, optoelectronics, fluorescence,
bioimaging, and biosensing [1e3]. Light activates hybrid nano-
structures of this type, as both QDs and plasmonic metal nano-
particles demonstrate unique optical properties when irradiated
with electromagnetic radiation [1,2,4e6]. QDs typically absorb and
emit light in the visible, and when compared with organic fluo-
rophores, exhibit several important advantages including: (i)
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narrow emission spectra, (ii) tunable spectroscopic properties, (iii)
photochemical stability, (iv) high quantum yields, and (v) the
ability to generate multi-color fluorescence with a single excitation
wavelength [7e9]. Metallic nanoparticles, on the other hand, are
capable of confining and enhancing electromagnetic radiation,
giving rise to the extremely active new research field of plasmonics
[10e12]. Plasmonics relates to the nanoscale location, orientation,
and manipulation of electromagnetic waves beyond the diffraction
limit. This phenomenon results from the collective oscillation of
conduction electrons in the metal, generating enhanced electric
fields around the nanoparticles. These oscillations are commonly
referred to as a localized surface plasmon resonances (LSPR)
[3,10e13].

To date, several research groups have reported the fabrication of
quantum dot-plasmonic nanoparticle hybrid structures
[2,4e6,14e18]. Much of this work has demonstrated biological
applications of enhanced QD fluorescence, where semiconductor
nanoparticles have been used as sensors [6,14,18,19]. The reports
agree that there is electromagnetic enhancement of QD fluores-
cence near plasmonic metallic nanoparticles, with maximum re-
ported enhancement factor of ca. 20 for CdSe nanoparticles [15].
This value is comparable with the average enhancement factors
that are commonly reported for the fluorescence of organic
molecules.

The use of silver shell-isolated nanoparticles (Ag-SHINs), silver
coated with a nanometric SiO2 layer avoids short-range quenching
to the metal surface and allowing significant enhancement of the
QD emission. These nanoparticles, encapsulated in a very thin SiO2
shell were first used for SERS applications, and that is the origin of
the acronym SHINERS [20]. The use of SHINs to enhance fluores-
cence was subsequently demonstrated by Guerrero and Aroca, now
known as SHINEF (Shell-Isolated Nanoparticles Enhanced Fluores-
cence) [21].

In this report, it is shown that the fluorescence emission from a
thin layer-by-layer film of CdTe QDs can be enhanced by Ag SHINs.
The amplification of the fluorescence is shown to be connected
with the lmax of the emission of the QDs. Specifically, the green
emission (maximum at 526 nm) of CdTe QDs with a diameter of
~3 nm is enhanced by a maximum factor of only ca. 12, while the
orange emission (maximum at 585 nm) of the CdTe QDs with a
diameter of ~5 nm is enhanced by a factor of 35.

2. Material and methods

Sodium borohydride (98%), mercaptosuccinic acid (MSA)
(>98%), disodium tetraborate (>98%), Trisodium citrate dihydrate
(99%), silver nitrate (99.999%) and a solution of sodium silicatewere
purchased from Merck. Hydroxylamine hydrochloride (99%), 3-
aminopropyltriethoxysilane (APTS) (>98%), Poly(2-
dimethylamino)ethyl methacrylate) methyl chloride quaternary
salt (MADQUAT), sodium chloride (>99.5%), cadmium chloride
(99.99%) and potassium tellurite hydrate (>95%) were purchased
from SigmaeAldrich. Milli-Q grade water (>18 M) was used for
aqueous solutions. All chemicals were analytical grade and used
without further purification.

The synthesis of CdTe QDs is based upon protocols described
previously [8,22], and on a protocol developed by our group [7]. All
reactions were carried out in 50 mL of a buffer solution that con-
tained 15 mM Na2B4O7 and 15 mM citrate (pH ¼ 7.5). CdCl2,
Na2TeO3 and NaBH4 were added at 0.8, 0.22 and 18 mM final
concentrations, respectively, and the solution was stirred vigor-
ously for 5 min. MSA was added to the solution to reach a final
concentration of 20 mM and it was kept stirring at 100 �C for 7 h
after the solution reached an orange color. MSA-CdTe QDs were
precipitated twice with ethanol and centrifuged for 3 min at
12,000 rpm. The supernatants were discarded and purified QDs
were dried for 24 h under vacuum at room temperature. QD solu-
tions were prepared by dissolving each of the two dried pre-
cipitates into 25 mL of milli-Q water. We call these samples CdTe-
green, for the semiconductor nanoparticles that have a fluores-
cence maximum at 536 nm and were obtained after 2 h of syn-
thesis, and CdTe-orange for the nanoparticles that have a
fluorescence maximum at 583 nm and were obtained after 6 h.
Elemental analysis of CdTe QDs was performed using energy
dispersive X-ray spectroscopy (EDS), which allowed for the esti-
mation of the concentration of nanoparticles deposited onto the
quartz through layer-by-layer assembly.

The quartz surfacewasmodifiedwith polyelectrolyteMADQUAT
4.5 w/v % (weight/volume percent) and quantum dots (CdTe-MSA)
following a layer-by-layer (LbL) method (More details on the ex-
periments of layer-by-layer is given in the Supporting information).
The quartz slides were sonicated, in turn, in acetone, NaOH (1 M),
1:1 (v/v) ethanol/water, and water, for about 15 min each. Elec-
trostatic LbL assemblies (MADQUAT/QDs) were grown by alter-
nately immersing the slides in the polycation solution (þ), and the
as-obtained CdTe QDs solution (�), for about 20 min each. Between
each step the surface was immersed in Mili-Q water for 5 min, and
dried under a nitrogen stream or under vacuum. Thewater used for
washing was changed between each immersion. To quantify the
QDs that were deposited onto the quartz slide, the samples were
analyzed using inductively coupled plasma atomic emission spec-
troscopy (ICP-AES). The ICP-AES samples were prepared from
samples with a single layer of (MADQUAT) and a single layer of QDs.
These samples (quartz slide with QDs) were immersed in 5 mL of
5 M HNO3 at 30 �C for 2 h to perform the digestion. Upon removal,
the quartz slide was washed further with 5 M HNO3 to remove any
remaining of Cd and Te, with this we obtained a volume close to
10 mL. The solution was then cooled and brought to a volume of
10 mL with distilled water in a volumetric flask. This procedurewas
performed for 5 separate samples for each type of QD (CdTe-green
and CdTe-orange).

The silver colloids were prepared via the reduction of silver
nitrate with hydroxylamine, according to the method of Leopold
et al. [23]. Briefly, hydroxylamine solution 1.5�10�3 M (45mL) was
added to the reaction flask and droplets of a 1 M NaOH solution
were added to adjust the pH to a value of 10.5. Then 1 mL of AgNO3
solution (1�10�2M) was added dropwise to the stirring solution of
NH2OH. The mixture was stirred for 25 min at room temperature.
To coat the nanoparticles, the procedure described by Wang et al.
[24] was followed. The pH of 50 mL of silver nanoparticle solution
was adjusted to a value of 10.5. 150 mL ethanol and 200 mL of TEOS
was then added to the mixture. The mixture was stirred at room
temperature for 70min, andwas then centrifuged at 11,000 rpm for
7 min to concentrate the particles with a final volume of ca. 8 mL.

3. Instruments and measurements

Atomic Force Microscopy (AFM) images were recorded using a
Digital Instruments NanoScope IV, operating in tapping mode with
an Al-coated nþ-silicon tip (model TESPA, Bruker AFM tips). Images
were collected with high resolution (512 lines per scan) at a scan
rate of 0.5 Hz. Digital processing and roughness calculations were
made using the free SPM data analysis software Gwyddion 2.30. For
transmission electron microscope imaging, CdTe QDs solutions
were drop cast onto 400 mesh carbon-coated Cu grids. Upon sol-
vent evaporation, images were obtained using a JEOL 2010 HR-TEM.
Zeta potential and dynamic light scattering (DLS) measurements of
aqueous CdTe QDs were carried out using a Zetasizer nano S90 light
scattering system (Malvern Instruments Limited, UK), using a
refractive index of 2.6. Absorption spectra were recorded using a



Table 1
CdTe QDs fluorescence spectral range, peak maximum and full width at half
maximum (FWHM).

Samples Emission (nm) Maximum (nm) FWHM

CdTe-green 450e620 526 43
CdTe-orange 500e700 585 62

Table 2
EDS elemental analysis of CdTe NPs.

% Element Samples

CdTe-green CdTe-orange

C 32.89 31.47
O 30.63 29.07
Na 4.56 2.00
S 15.31 14.35
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Varian Cary 50 scan UVeVis spectrophotometer. Solution fluores-
cence spectra were recorded using an ISS-PC1 photon-counting
spectrophotometer. The quantum yields of QD fluorescence in so-
lution were measured by comparison with Rhodamine-B in water
(ff¼ 0.31), andwe used the protocol reported by Grabolle at al [25].

Fluorescence spectra of the thin film samples were recorded
using a Renishaw Research Raman microscope system RM 2000.
This system is equipped with a Peltier charge-coupled device (CCD)
detector and Leicamicroscope. Fluorescence spectra obtained using
the 514.5 nm excitation line of an Argon-ion laser. Single-point
spectra were recorded with 4 cm�1 resolution and 10 s accumula-
tion times. All measurements were recorded in backscattering ge-
ometry using a 50� microscope objective with a numerical
aperture value of 0.75, providing a scattering area of approximately
1 mm2. All spectral acquisition conditions were chosen to avoid
sample degradation.
Cd 9.94 17.13
Te 6.58 5.99
4. Results and discussion

CdTe QDs were characterized using HR-TEM to determine their
size (Fig. 1A). CdTe particles were found to be roughly spherical
with diameters ranging between 2 nm and 3 nm (CdTe-green) and
5 nme8 nm (CdTe-orange). Dynamic light scattering (DLS) exami-
nation of QD samples revealed that the QDs have average sizes of
3.2 and 5.4 nm for CdTe-green and CdTe-orange, respectively
(Fig. 1B). Additionally, the QD Z-potential values were found to be
�17.9 mV and �18.5 mV for CdTe-green and CdTe-orange, respec-
tively. Sizes determined for the as-prepared CdTe QDs were similar
to those produced by other authors [5,8,9,22,26].

The absorption and fluorescence spectra for these two QD
samples are shown on Fig. 1C and D, and agree with those previ-
ously reported for CdTe nanocrystals [7,8,22,26]. Fluorescence with
maxima around 536 nm (CdTe-green) and 583 nm (CdTe-orange) is
observed (Fig. 1D and Table 1). As expected, the absorbance and
fluorescence emission of the larger nanocrystals (CdTe-orange) is
Fig. 1. Characterization of CdTe QDs. On top are shown images of high-resolution transmissio
(Fig. 1B) are shown the results obtained by dynamic light scattering (DLS) (The green bars a
bottom, Fig. 1C and D are shows the absorption and fluorescence spectra of CdTe QDs (Th
respectively). (For interpretation of the references to color in this figure legend, the reader
redshifted relative to the smaller diameter particles (CdTe-green).
The physical reason is the quantum confinement effect. The fluo-
rescence is directly related to the energy levels of the quantum dot.
Quantitatively, the bandgap energy that determines the energy
(and hence color) of the fluorescent light is inversely proportional
to the size of the quantum dot. Larger quantum dots have more
energy levels, and are more closely spaced between each. This al-
lows the quantumdot to absorb photons containing less energy, i.e.,
those closer to the red end of the spectrum [27e29].

Furthermore, as shown in Fig. 1D, the fluorescence spectrum of
CdTe-orange has a value full width at half maximum (FWHM)more
higher than the spectrum of CdTe-green (see Table 1), indicating
that the particle size distribution of the CdTe QDs increases with
synthesis time. This result is confirmed by the DLS data, where we
n electron microscopy (HR-TEM), on a scale of 20 nm and a scale of 5 nm. On the center
nd orange bars correspond to CdTe-green and to CdTe-orange, respectively). Finally on
e spectra in green line and orange line correspond to CdTe-green and CdTe-orange,
is referred to the web version of this article.)



Table 3
Analysis of roughness of the thin film.

Sample Root mean square roughness (nm) Roughness average (nm)

Quartz 0.28 0.21
CdTe-green 0.57 0.44
CdTe-orange 0.72 0.54

Fig. 3. Absorption (A) and fluorescence (B) spectra of the thin films CdTe QDs. The
spectra with green continuous line and orange continuous line correspond to CdTe-
green and to CdTe-orange, respectively. Finally, on bottom of Fig. 3A we show the
baseline of the absorption spectra, it was subtracted from the absorption spectra of the
QDs. (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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observed a larger size distribution for the CdTe-orange sample (see
Fig. 1B).

Quantum yields (f) were evaluated to determine fluorescence
efficiency. CdTe QDs displayed f values of 0.15 and 0.48 for CdTe-
green and CdTe-orange, respectively. These results are in agree-
ment with those reported for other thiol-capped CdTe QDs
[8,22,26].

Energy dispersive X-ray spectroscopy (EDS) elemental analysis
showed that the CdTe QDs are composed of cadmium, tellurium, as
well as carbon, sulfur, oxygen, and sodium (Table 2). Interestingly,
the percentage of Te was nearly constant in all of the samples (~6%),
while the percentage of Cd increased with NP size (Table 2). This
could result from thermal decomposition, and loss from the
nanocrystal surface, of mercaptosuccinic acid (MSA), thus favoring
the deposition of a CdS layer on CdTe nanoparticles. In this context,
most of CdTe QDs described to date have been shown to have a CdS
layer on their surface. Red colored CdTe nanocrystals show
increased Cd/Te ratios and less carbon and oxygen content, sug-
gesting the formation of a CdS layer on larger CdTe QDs [7,8].

Fig. 2 shows the AFM characterization of the QD thin films
produced in this work using the LbL technique. For these samples,
calculations of root mean square roughness (Rq) and roughness
average (Ra) were performed. The 3 images on the top of the figure
correspond to a scans of 5 � 5 mm2, and the bottom 3 images are of
1 � 1 mm2 scans. From a review of the images in Fig. 2, it can be
concluded that the polymer and the QDs were both effectively
transferred to the quartz substrate, and that there are slight dif-
ferences between the morphologies of CdTe-green and CdTe-
orange samples. This is confirmed by the values of Rq and Ra,
which increase when compared with the data obtained for quartz
(see Table 3). This indicates that the layer-by-layer technique allows
good transfer of polymer and the QDs to the surface of the quartz
slide, which is in agreement with previous publications [30e32].

Fig. 3 shows the absorption and fluorescence spectra of the thin
films of CdTe-green and CdTe-orange. The absorption spectra show
bands at 490 nm (CdTe-green) and 548 nm (CdTe-orange), in
agreement with the data from solution. This indicates that the
transfer of the nanoparticles from solution to the thin film does not
significantly alter the photophysical properties of the CdTe QDs.
Furthermore, fluorescence spectra were recorded from different
points of the sample (fifty spectra on each surface) and the spectra
that are shown in Fig. 3B correspond to the average. Maxima were
Fig. 2. Atomic force microscopy (AFM) of the surfaces fabricated through layer-by-layer tech
bottom a zoom of 1 x 1 microns.
observed at 536 nm and 583 nm, for CdTe-green and CdTe-orange
samples, respectively. The fluorescence intensity was higher for
CdTe-orange due to its higher quantumyield (Fig. 3B). These results
are in agreement with the values obtained for samples in solution.

A single layer of CdTe QDs was assembled onto a quartz slide to
measure the enhanced fluorescence produced by silver SHINs. The
quantity of QDs assembled onto the film was estimated using
inductively coupled plasma atomic emission spectroscopy (ICP-
AES) data. For this estimate, values from Table 2, QD diameters from
dynamic light scattering, and the mass of Cd2þ determined by ICP-
AES on a quartz surface of 2.5 cm2, were used along with the ionic
radius of Cd2þ [33]. For the estimate of the quantity of
nique. The images correspond correspondence to a scanning of 5 x 5 microns, and at the



Fig. 4. Absorption spectra of the silver particles before coating (dashed line) (l
max ¼ 400 nm) and after coating (continuous line) (l max ¼ 415 nm). Inset: high-
resolution transmission electron microscopy (HR-TEM) images of the coated parti-
cles. The bar in the images represents 50 nm.

Fig. 5. SHINEF of CdTe QDs. Fig. 5A and B and corresponds to an average SEF
enhancement over the probed surface for CdTe-green and CdTe-orange, respectively.
Enhancement factors of the emission are in the range of 8e10 for CdTe-green and
range of 30e40 for CdTe-orange, with average values of 12-fold and 35-fold, respec-
tively. Fig. 5C and D are shown spectral profile modification of enhancement factors
that contribute to the observed enhanced signal for CdTe-green and CdTe-orange,
respectively. Finally, for this figure all the spectra with dashed line correspond to
average spectra of CdTe QDs without SHINs. (For interpretation of the references to
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nanoparticles, the values of Te2� were not used because the process
of digestion in acid medium performed for ICP-AES could produce
volatile hydrotellurites or telluric acid, causing the valuesmeasured
in solution to be unreliable. Cadmium values are reliable, however,
since the Cd2þ ion is stable in solution.

The estimated number of QDs in the thin film sample is higher
for CdTe-green than for CdTe-orange (see Table 4). This is due to the
fact that the number of particles required to cover a given area is
larger for small particles than it is for large particles (Details of the
calculation in Supporting information, Fig. S5).

Tomeasure enhanced fluorescence of CdTe QuantumDots, silver
nanostructures coated with a nanometric layer of SiO2 (Ag SHINs)
were deposited onto the thin films of CdTe-green and CdTe-orange.
The LSPR spectra of the silver nanoparticles before and after SiO2
coating are shown in Fig. 4. HR-TEM images of the Ag-SHINs are
also included as insets in Fig. 4. The redshift of the extinction peak
from 400 to 415 nm is consistent with a changed dielectric medium
due to silica coating, as predicted by the theory [34]. The TEM
images show 30e60 nm diameter particles that deviate slightly
from spherical shape. The particles are clearly coatedwith silica and
the coating is fairly homogenous, with a shell thickness of
approximately 8e12 nm on average. To perform the SHINEF ex-
periments, a drop of the SHIN particles (3 mL) was deposited onto
the thin films (on the quartz slide) and allowed to dry. A 2D spatial
mapping of a small surface area yielded enhancement factors for
the integrated intensity of the emission in the range of 8e10 for
CdTe-green and the range of 30e40 for CdTe-orange. The surface-
enhanced fluorescence spectra shown in Fig. 5A and B correspond
to average SEF enhancement over the probed surface for CdTe-
green and CdTe-orange, respectively. The spectra with the lowest
fluorescence intensity (dashed lines) correspond to reference
average spectra of a layer of CdTe QDswithout Ag-SHINs. This result
confirms that there is a distribution of enhancement factors (EF)
that contribute to the observed enhanced signal, and that some
localized spots may have a fairly large enhancement factor
compared to the observed average. To illustrate this, several SHINEF
spectra for CdTe-green and CdTe-Orange are shown in Fig. 5C and D,
respectively.

The results in Fig. 5 reveal a difference in the magnitude of the
enhancement of the fluorescence for CdTe-green and CdTe-orange.
Since the SHINEF experiments have been carried out by casting the
AgeSHIN, the formation of aggregates on the surface may lead to
red shifted plasmons providing electromagnetic enhancement with
an uneven distribution on the surface, and in favor of the CdTe-
orange [35,36]. Finally, Fig. 5C and D also reveal a minor change
in the shape of the spectrum of CdTe-orange, or spectral profile
modification introduced by the plasmon enhancement [35,37]. The
reference fluorescence spectrum of CdTe-orange on quartz has only
one maximum (583 nm), while the amplified spectrum shows a
maximum at 580 nm, and in some spectra shoulders around 608
Table 4
Estimate of the amount of CdTe QDs in a layer on quartz.

Samples ICP-AES
(Cd2þ/T2�)
in mga

Diameter of
QDsb (nm)

Nanoparticle
volume (nm3)c

N� of
QDsd per mm2

CdTe-green 1.25/0.46 3.0 14.14 3.95 � 106

CdTe-orange 0.53/nd 5.0 65.45 2.88 � 105

nd: not detected.
a The limit detection of instrument is 0.005 mg and 0.01 mg for Cd2þ and Te2�,

respectively.
b Corresponds to an average, the values reported in the table were calculated from

the HR-TEM and dynamic light scattering results.
c Volume of a sphere V ¼ 4/3pr3, where p ¼ 3.1416 and r ¼ radius.
d The mass in mg determined by ICP-AES, these values were converted to moles

and then a number of nanoparticles through the Avogadro number.

color in this figure legend, the reader is referred to the web version of this article.)
and 660 nm are detected.
5. Conclusion

Silver shell-isolated nanoparticle-enhanced fluorescence (SHI-
NEF) of CdTe quantum dot/polyelectrolyte layer-by-layer films is
reported. We demonstrated the fabrication of relatively homoge-
nous films was obtained that allowed the observation of SHINEF of
CdTe nanocrystals, where the emission enhancement factors were
10-fold and 35-fold for CdTe-green and CdTe-orange, respectively.
In this sense, it was observed that enhancement is different for
CdTe-green and CdTe-orange, we could to propose that the
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formation of aggregates on the surface may lead to red shifted
plasmons providing electromagnetic enhancement with an uneven
distribution on the surface, and in favor of the CdTe-orange.

In summary, develop films that mix quantum dots and shell-
isolated nanoparticles, could have applications in different fields
of materials science.
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