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The photoluminescence properties of quantum dots (QDs) are often enhanced by eliminating surface trap
states through chemical methods. Alternatively, a physical approach is presented here for improving
photoluminescence purity in QDs by employing frequency-specific plasmon resonance coupling.
Emitter-bound plasmonic hybrids are designed by electrostatically binding negatively charged QDs in
water to positively charged gold nanoparticles having a thin polymer coating. Herein, two types of QDs
are used: (i) bare CdSe, which exhibits both band edge and trap state emission, and (ii) CdSe overcoated
with a ZnS shell (CdSe/ZnS) devoid of trap state emission. Tuning the extinction spectrum of the
plasmonic system to match the band edge emission of CdSe enables the selective enhancement of band
edge emission over trap state emission. Excellent match in the extinction spectrum of the gold
nanoparticle with both, experimentally calculated photoluminescence enhancement factor and
theoretically calculated radiative rate enhancement signifies the role of frequency-specific plasmon
resonance coupling. Plasmon-coupled photoluminescence of CdSe/ZnS is further investigated by
varying the number density of emitter on the surface of plasmonic nanoparticle. An enhancement in the
photoluminescence is observed at a lower emitter density of CdSe/ZnS and the photoluminescence

enhancement factor closely follows the plasmon resonance. However, photoluminescence quenching
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Accepted 10th November 2024 occurs with an increase in CdSe/ZnS due to plasmon-assisted nonradiative energy transfer between

nearby QDs, as indicated by a red shift in the PL maximum. These studies establish that resonance
DOI: 10.1039/d4sc04960h plasmonic coupling is a convenient physical strategy for tuning the intrinsic photoluminescence

rsc.li/chemical-science properties of QDs for various optoelectronic applications.
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1. Introduction

Applications of binary semiconductor quantum dots (QDs) in
optoelectronics are limited by their low quantum efficiency and
high intermittency in photoluminescence (PL) due to the pres-
ence of mid-gap states that trap the photoexcited charge
carriers."” As a result, undesirable trap state mediated PL is
observed at longer wavelengths alongside the narrow band edge
PL.*” The competitive pathways of charge carrier relaxation to
trap states in QDs are often tackled by adopting various chem-
ical methods, ie., passivating their surface with small
ligands®*™ or overcoating with large band gap
semiconductors.””™ The above-mentioned methods focus on
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eliminating the trap states in QDs by modifying their surface
properties. However, altering the PL landscape of QDs by
physical methods, such as by changing the photonic environ-
ment, is relatively less explored.'®'” Indeed, the spontaneous PL
of an emitter is not an inherent property; it originates due to the
interaction between the emitter and its photonic or local elec-
tromagnetic environment.'*?® Specifically, the decay rate of
a dipole emitter depends on the number of available electro-
magnetic modes in space in which it emits. It depends on the
local density of optical states (LDOS), essentially the number of
electromagnetic modes available for the emitter per unit
volume and per unit frequency at a given point in space.** LDOS
can be further enhanced in a frequency-specific manner using
on-resonance cavities of photonic crystals or plasmonic metal
nanoparticles, thereby increasing the decay rate at the resonant
frequency.>*>

Plasmons are collective oscillations of conduction electrons
upon photoexcitation in metal nanoparticles.** Emitter-bound
plasmonic nanostructures offer outstanding possibilities by
confining light to very small dimensions, thereby modulating
the emission dynamics of molecules or semiconductor QDs.>*¢
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Recent experimental and theoretical studies have shown local-
ized surface plasmon-assisted enhancement in numerous
processes: (i) spontaneous emission,*** (ii) Forster resonance
energy transfer in donor-acceptor systems,**™ (iii) stability and
brightness of light emitting devices,*” and (iv) up-conversion
luminescence of nanoparticles.”® In addition, single-particle
level investigations have also been reported for designing
emitter-bound plasmonic nanostructures with enhanced emis-
sion,**® and suppressed blinking.>** A preferential plasmon-
mediated enhancement of band edge emission of QDs,
without chemical modifications, is more advantageous for real-
world applications. Herein, we present an approach for the
selective enhancement of band edge emission of CdSe QDs over
the less favored trap state emission by resonance plasmonic
coupling, thus offering a better color purity. The PL enhance-
ment factor of CdSe QDs in the presence of a plasmonic field in
the spectral window of 475-780 nm is determined, and the
results are compared with the theoretically calculated radiative
rate enhancement. The observed trend of wavelength-specific
enhancement in the spontaneous PL of QDs assisted by plas-
mons is further validated with CdSe QDs overcoated with a ZnS
shell (henceforth denoted as CdSe/ZnS) devoid of trap state
emission. PL enhancement observed at a lower number density
of CdSe/ZnS QDs in the presence of plasmonic field undergoes
a transition to quenching regime as the number of emitters
increases.

2. Experimental methods
2.1 Materials

All the chemicals are used as obtained and the details are pre-
sented in ESL.{ All the photophysical studies are carried out in
double-distilled water.

2.2 Synthesis of QDs

Two types of CdSe-based QDs are used in this study for plasmon
resonance coupling: (i) CdSe QDs capped with mercapto-
succinic acid (MSA) in water, which possesses distinct trap state
emission along with the band edge emission, and (ii) CdSe QDs
overcoated with ZnS shell (CdSe/ZnS) wherein surface defects of
CdSe QDs are passivated by overcoating with a large band gap
semiconductor, ZnS.

2.2.1 CdSe capped with MSA. Mercaptosuccinic acid cap-
ped CdSe QDs are synthesized by following a reported proce-
dure®* with a slight modification. Details of the synthesis,
purification, and characterization are presented in ESI, Section
2.7 The electronic spectrum of MSA-capped CdSe QDs in water
and their TEM images are presented in Fig. 1A and F.

2.2.2 CdSe overcoated with ZnS. First, CdSe QDs capped
with tetradecylphosphonic acid (TDPA) and trioctylphosphine
oxide (TOPO) are synthesized by following a reported proce-
dure.”® The concentration of CdSe QDs is estimated using
electronic spectroscopic studies (¢ at 540 nm = 1.79 X
10° M~ em™").% Overcoating of ZnS on CdSe QDs is carried out
by adopting a reported protocol®® with slight modifications. The
formed core-shell QDs are dissolved in toluene, precipitated
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with methanol, and redispersed in toluene. Details of the
synthesis are presented in ESI, Section 3.}

2.2.3 Phase transfer of CdSe/ZnS QDs. A precipitation
method is adopted to transfer long alkyl chain ligands capped
CdSe/ZnS QDs from toluene to the aqueous solution.** A solu-
tion of r-cysteine (1.61 mmol) is prepared in methanolic KOH
(2.48 mmol). The above solution is added dropwise to CdSe/ZnS
QDs, dispersed in toluene, and stirred for 5 min. QDs precipi-
tate out on the addition of methanolic KOH containing r-
cysteine. The thiol moiety of r-cysteine binds to the surface of
QDs, facilitating the dispersion of QDs in aqueous medium. The
precipitate is collected and purified by centrifugation and
dispersed in double distilled water. Details of the character-
ization are presented in ESI, Section 3.1 The electronic spec-
trum of CdSe/ZnS QDs in water and their TEM images are
presented in Fig. 1B and G.

2.3 Synthesis of plasmonic nanoparticles

2.3.1 Synthesis of citrate-capped Au nanoparticles. A
kinetically controlled seed-mediated method is adopted for the
synthesis of Au nanoparticles.”” The Au nanoparticle seeds are
synthesized by reducing HAuCl, using trisodium citrate dihy-
drate (TSC) as the reducing agent. The synthesis is carried out in
three steps. Details of the synthesis and characterization are
presented in ESI, Section 4.}

2.3.2 PAH-coated Au nanoparticle. Poly(allylamine hydro-
chloride), PAH, (2 mg mL™ ") is dissolved in an aqueous NaCl
solution (2 mM) and sonicated for 30 min. To this solution, an
aqueous solution of citrate-capped Au nanoparticles is added
dropwise under vigorous stirring at room temperature. After the
addition, the solution is kept for 3 h under constant stirring at
a low speed. Subsequently, the PAH-coated nanoparticles are
purified twice: first centrifuged at 6500 rpm for 30 min, removed
the supernatant solution, and again centrifuged at 6500 rpm for
20 min after adding water to the residue. The resultant residue
is redispersed in water and used for further studies. Details of
the characterization are presented in ESI, Section 4.7 The
extinction spectrum of PAH-coated Au nanoparticles (Fig. 1C),
their TEM images and size histograms (Fig. 1D, E, H and I), and
zeta potential ({) distribution of Au nanoparticles before and
after PAH coating (Fig. 1J) are presented. The extinction spec-
trum of Au nanoparticles before and after PAH coating is
compared in Fig. 1K.

2.4 Synthesis of silica nanoparticles

Silica nanoparticles (SiO, NPs) are synthesized using a modified
Stéber condensation reaction.** Tetraethyl orthosilicate (TEOS)
is used as the precursor for the synthesis. In a typical synthesis,
TEOS (600 pL) is added dropwise to the mixture (1 :9) of water
and isopropanol (54 mL; contains 1 mL of 30% NH,OH), under
vigorous stirring for 2 h. The reaction mixture is then centri-
fuged using 6500 rpm for 20 min. The residue is purified by
repeated washing with water. The purified SiO, NPs are stored
in 5 mL of water for further studies.

The SiO, NPs possess a negative surface charge. Coating with
PAH transforms the surface charge to positive which facilitates

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(A and B) PL spectra of (A) MSA capped CdSe QDs and (B) CdSe/ZnS QDs. (C) Extinction spectrum of PAH-coated gold nanoparticles

(AuNPs). Note: the spectral overlap of the three systems is shown by blue and green lines. (D and E) TEM images of AuNPs at different
magnifications. The inset of (E) shows the magnified image wherein the PAH coating is visible. (F and G) TEM images of (F) MSA-capped CdSe
QDs, and (G) CdSe/ZnS QDs. The magnified image of bare CdSe QDs is shown as an inset of (F). (H and 1) The size histograms of (H) AuNPs and (1)
PAH shell thickness around the Au nanoparticle obtained from corresponding TEM images. Note: four measurements of PAH thickness are taken
from each AuNPs. (J) Zeta potential (£) distribution and (K) extinction spectra of Au nanoparticles before (blue trace) and after PAH coating (red

trace).

the binding of negatively charged CdSe QDs on its surface. The
PAH coating is achieved by following the procedure as follows.
SiO, NPs (3 mL) from the stock are slowly added to an aqueous
solution (45 mL) of PAH (2 mg mL™") containing NaCl (2 mM)
with vigorous stirring. After 3 h, the reaction mixture is centri-
fuged at 6000 rpm for 30 min, and the residue is suspended in
water for further studies. Details of the characterization are
presented in ESI, Sections 5 and 6.}

2.5 QD-bound plasmonic nanohybrids

QD-bound plasmonic systems, referred henceforth as hybrid
systems, are prepared in 3 mL of water in a quartz cuvette
having path length of 1 cm by adding negatively charged QDs to
plasmonic nanoparticles which are positively charged (PAH-
coated Au nanoparticles).

2.6 Photophysical studies

Absorption spectra are recorded on Shimadzu UV-3600 UV-vis-
NIR spectrophotometer and PL spectra on Horiba Jobin Yvon-
Fluorolog 3 spectrofluorimeter. The hybrid systems consisting
of CdSe QDs and CdSe/ZnS QDs are excited at 400 and 375 nm,
respectively. The emitted light is collected at 90° from the
excitation source. Details of primary and secondary inner filter
effect corrections are provided in the Results and discussion
section.

3. Results and discussion

To demonstrate the plasmon-assisted wavelength-specific
enhancement in PL, CdSe QDs and CdSe/ZnS QDs are chosen
as emitters and gold nanoparticles as the plasmonic platform

(Fig. 1A-C). The morphological characterization of Au

© 2024 The Author(s). Published by the Royal Society of Chemistry

nanoparticles and QDs are presented in Fig. 1D, E and 1F, G,
respectively. The size of QDs is obtained using the empirical
relation by Mulvaney and co-workers*® and found to be 2.22 and
2.72 nm for CdSe and CdSe/ZnS QDs, respectively. The band
edge emission of CdSe QDs in the spectral window of 475-
550 nm stems from the direct exciton recombination, whereas
the trap state emission above 550 nm possesses high intensity
due to dominating mid-gap states (Fig. 1A).%*** The quantum
yield of CdSe QDs in water is estimated using absolute and
relative methods, in the spectral window of 475-780 nm, are
found to be the same (¢p;, = 0.09 £ 0.001). Details are presented
in ESI, Section 2.1

The rationale behind choosing CdSe QDs with low PL
quantum yield is to explore the extent of radiative rate
enhancement in the presence of the plasmonic field.*® The
plasmon-enhanced emission of an emitter has contributions
from both the excitation and emission rate enhancement.®~*
Some of the factors that contribute to plasmon-enhanced
emission are (i) the spectral overlap between the absorption/
emission of the emitter with the plasmon resonance,*** (ii)
the spatial distance of the emitter from the plasmonic
surface,®®’ (iii) the orientation of the emitter's transition dipole
on the metal nanoparticle,”® and (iv) the size of the plasmonic
nanomaterial.®’® Earlier we have demonstrated that the
emitter—emitter interaction in the plasmonic field reduces PL
enhancement through nonradiative channels.**
Drawing lessons from these studies, the number of emitters on
a plasmonic surface has been lowered to 2-3 (vide infra).

One of the objectives of the investigation is to develop
methodologies for the preferential enhancement of the band
edge emission of CdSe QDs compared to its trap state emission.
The excitation rate enhancement increases the emission of the

various
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emitter in the entire emission wavelengths, which results in the
enhancement of both band edge and trap state emission of
CdSe QDs. Hence, for the selective enhancement in the band
edge emission, it is necessary to focus on the emission rate
enhancement. This is achieved through an effective spectral
overlap between the extinction spectrum of the plasmonic
material and the desired emission window of the emitter. Au
nanoparticles with a diameter of ~31 nm, resonating at 527 nm,
are utilized here as the plasmonic platform (Fig. 1C-E). This
permits an on-resonance coupling of plasmon band with the
band edge emission of CdSe QDs, whereas the trap state
emission remains in an off-resonance condition (Fig. 1A, C and
Fig. 2B, C). An electrostatic approach is adopted here to bind the
emitters on the plasmonic platform. As synthesized QDs
possess a negative surface charge. To facilitate the electrostatic
binding of negatively charged QDs on plasmonic platform,
citrate-capped Au nanoparticles are overcoated with poly(allyl-
amine hydrochloride) (PAH), a positively charged polymer.
Henceforth, the PAH-coated Au nanoparticles are referred to as
AuNPs. We have earlier observed the maximum PL enhance-
ment for CdSe QDs when placed at a distance of ~1.35 nm away
from the AuNPs and the enhancement factor decreased with an
increase in distance between them.** Here, PAH shell is used as
an effective spacer preventing direct interaction between the
AuNPs and the QDs and keeping an optimum distance. TEM
micrograph in higher magnification is presented in the inset of
Fig. 1E and S2,7 confirms the presence of a thin layer of PAH
(~1.3 nm) around the Au nanoparticle and the over-coating is
further established using the zeta potential ({) studies (Fig. 1J).

View Article Online
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nanoparticles varied from —18 mV to +28 mV. It can be seen
from Fig. 1K that the extinction spectral characteristics of Au
nanoparticles remained unaffected upon overcoating with PAH,
eliminating the possibility of aggregation.

3.1 Characterization of QDs bound AuNP nanohybrids

The hybrid systems are obtained by adding CdSe QDs (452 pM)
to a solution of AuNPs (207 pM) in water, and a schematic
representation is shown in Fig. 2A. MSA capped CdSe QDs
possess a negative surface charge (zeta potential, { = —30.9
mV). The binding of QDs is established by the reduction of {
value of AuNPs from +28 mV to +24 mV (Fig. 2E). The high ¢
value of CdSe-bound plasmonic nanohybrid (+24 mV) corrobo-
rates that all the added CdSe QDs are bound on the AuNPs and
also confirms colloidal stability. In addition, the extinction
spectrum of the hybrid system was monitored continuously for
8 h at intervals of 30 min, and the spectral profile remain
unchanged over time. The optical density at the extinction
maximum (527 nm) remains more or less unaltered (see ESI,
Section 7t), which reaffirms the colloidal stability of the hybrid
system. Here we assume that the electrostatically bound CdSe
QDs on the surface of AuNPs are positioned in an equally
spaced manner due to the repulsive interactions between them.
This assumption is based on the famous Thomson problem”™
which describes a spatial configuration in which N like-charged
species on a sphere arrange themselves to minimize the total
electrostatic energy. Based on the molar equivalents of the
components used, it is estimated that two to three CdSe QDs are

Upon overcoating with the polymer, { values of Au bound on the surface of AuNPs, assuming a uniform
30
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(A) Schematic representation of various steps involved in the design of QD-bound plasmonic nanohybrids. Note: the purple, grey, and

green colors represent Au nanoparticles, PAH, and QDs, respectively. (B) Absorption (blue trace) and PL (red trace) spectra of CdSe QDs, and (C)
extinction spectrum of AuNPs. Note: PL spectrum is collected by exciting the sample at 400 nm. The blue strip in the stacked plot of (B) and (C)
represents the overlap between the PL spectrum of CdSe QDs and the extinction spectrum of AuNPs. (D) Extinction spectrum of AuNPs before
(black trace) and after (red trace) the addition of CdSe QDs. Note that the molar extinction coefficient of AUNPs is three orders of magnitude
higher than CdSe QDs (ESIT), and hence, the spectral changes on addition of QDs are negligible. (E) Zeta potential () distribution of CdSe QDs
(black trace), AuNPs (red trace), and QDs bound on AuNPs (blue trace).
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distribution. The extinction spectrum of the hybrid system
overlaps well with that of the AuNPs, ruling out the possibility of
aggregation during the electrostatic binding (Fig. 2D).

The TEM images of QD bound on AuNPs are presented in
Fig. 3A. The bound QD on the surface of AuNPs is marked by the
red circle wherein the distinct CdSe lattice planes correspond-
ing to the (111) plane with a d-spacing of 0.35 nm is visible
(inset of Fig. 3A). The hybrid system is also characterized using
high-angle annular dark-field imaging (HAADF) with the scan-
ning transmission electron microscopy (STEM) mode. This
technique provides an annular dark field image of the material,
which is highly sensitive to the variation in the atomic number
(2) of elements. Here, the elements with a high Z value scatter
more electrons at a higher angle and produce a brighter region
in the HAADF-STEM image. Au has a higher atomic number
than Cd and Se; hence, the former shows brighter images.

It is evident from Fig. 3B and C that the large-sized Au
nanoparticles appear as the bright spot while the smaller-sized
bound QDs appear as satellites (marked in red circles) with low
intensity. STEM-EDX mapping of the hybrid system, after
binding QDs on AuNPs, is carried out to confirm the electro-
static binding of QDs on the surface of AuNPs. A high concen-
tration of CdSe QDs (~100 times excess) is used in Fig. 3D-F for
mapping studies to make Cd and Se color coding more visible.
Upon mapping the hybrid systems, Cd and Se elements corre-
sponding to CdSe QDs on the surface of AuNPs are identified.
The analysis of the TEM-EDX spectrum (Fig. 3G) of the CdSe-
bound plasmonic nanohybrids shows peaks corresponding to
elements, Au (M - 2.12 keV and La - 9.71 keV), Cd (La - 3.13
keV) and Se (Ko - 11.2 keV), confirming the presence of CdSe
QDs on the surface of AuNPs.

Fig. 3
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3.2 Photoluminescence of CdSe QDs bound on AuNPs

The effect of the plasmonic field on the PL properties of the
CdSe QDs is probed in the presence of AuNPs using steady-state
and time-resolved measurements. The CdSe QDs in the absence
and presence of AuNPs are excited at 400 nm, wherein both the
components possess absorption (Fig. 2B and C). From the top
panel of Fig. 44, it is evident that the band edge and trap state
emission maxima of CdSe QDs (green and red-shaded regions,
respectively) possess the same PL intensity. The concentrations
of AuNPs and CdSe QDs used herein are 0.2 nM and 0.45 nM,
respectively; however, the molar extinction coefficients (&) of
AUNPS (e507nm = 3.92 x 10° M~ em ')? is three orders of
magnitude higher than that of CdSe QDs (esg1nm = 1.81 X
10° M~" cm ™ !).”® Details are presented in ESI, Section 8.1 The
large difference in their e results in a reduction in the intensity
of the excitation beam due to the absorption of incident light by
Au nanoparticles (primary inner filter effect; IFE,). Similarly, the
reduction in the intensity of emitted light due to reabsorption
by Au nanoparticles also occurs, referred as secondary inner
filter effect (IFE,). AuNPs scavenge more light from the band
edge emission due to the selective spectral overlap between the
emission spectrum of the QDs with the extinction spectrum of
the AuNPs. Hence, to quantify the emission of QDs in the
presence of the plasmonic field, it is essential to correct the PL
spectrum for primary and secondary inner filter effects.*"”*7”
The spectral profile of the IFE correction factor is shown in
Fig. S6B,T and the details are provided in ESI, Section 8.}
Furthermore, the PL intensity of CdSe QDs when bound on
AuNPs, is influenced by surface effects (SE) due to the changes
in the dielectric environment. To quantify the change in PL, due
to the binding of QDs on the surface of AuNPs, a control
experiment is carried out using PAH-coated silica nanoparticles
(SiO, NPs) wherein plasmonic effects are absent. The PL

4 8 12
Energy (keV)

(A) TEM image of CdSe QDs (452 pM) bound on the surface of AuUNPs (207 pM). Based on the molar equivalents, 2—3 CdSe QDs are bound

on the surface of AuNPs. The inset of (A) shows the magnified section of the image presenting the CdSe (111) planes with a d-spacing of 0.35 nm.
(B and C) HAADF-STEM image of CdSe QDs (452 pM) bound on the surface of AuNPs (207 pM). Note: the bound QDs are marked by red circles in
(A)—=(C). (D) HAADF-STEM image of CdSe QDs (45 nM) bound on the surface of AuNPs (207 pM) and the corresponding STEM-EDX map of (E) Au
and (F) Cd, Se, and Au elements. Note: Au, Cd, and Se elements are represented by red, green, and blue colors, respectively. (G) TEM-EDX
spectrum corresponding to CdSe QDs bound on AuNPs obtained from (D).
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Fig. 4 Photophysics of CdSe QDs, which possess band edge and trap state emission, in the presence of the plasmonic field. (A) The PL spectrum
of CdSe QDs (452 pM) is at the top. The corresponding PL spectrum in the presence of AuNPs (207 pM), after inner filter and surface effect
corrections in the bottom. PL intensity scales (y-axis) are kept the same for comparison. Note: samples are excited at 400 nm, and inner filter and
surface effect corrections are made. Green and red shaded regions represent the deconvoluted band edge and trap state emission, respectively.
(B and C) Schematic representation of the available density of optical states (DOS) of CdSe QDs in the absence (B) and presence (C) of the
plasmonic field. The three-state model of QDs with valence band, conduction band, and trap state energy levels are represented by VB, CB, and
TS, respectively and various nonradiative channels are not indicated. The arrows denote the excitation (solid black), nonradiative relaxation to trap
state (dotted black), and band edge emission and trap state emission (green and red, respectively). The red dot and blue shaded region represent
the DOS and the plasmon resonance region, respectively. By placing an emitter near plasmonic nanoparticles, inhomogeneity in the photonic
environment is achieved, which alters the available DOS. (D) Bar diagram showing the enhancement factor (EF) for band edge (green) and trap
state (red) emission comparing with the initial intensity of band edge (green strips) and trap state (red strips) emission of QDs, respectively. Note:
EFge/Ts is the ratio of area under the curve between the band edge (or trap state) emission in the presence and absence of plasmonic nano-
particles. (E) PL decay profiles of CdSe QDs in the absence (r,,4 = 35.5 ns; black spheres) and presence of AuNPs (t,,q = 20.7 ns; blue spheres). (F)
Experimental PL enhancement factor (EF;) of CdSe QDs bound on AuNPs in the spectral window of 475-780 nm (green circles), plotted together
with the extinction spectrum of AuNPs (red trace) and compared with the (G) theoretically calculated radiative rate enhancement factor (EFneory)

of CdSe QDs bound on AuNPs.

spectrum of CdSe QDs shows an average of 2.3-fold enhance-
ment in PL intensity, irrespective of wavelength, upon binding
on the SiO, NPs (ESI; Section 9%). The SE correction factor is
dependent on the nature of the emitter and hence, different in
each system. To consider the inner filter effects and surface
effects in action, the PL intensity of the hybrid system is cor-
rected in the entire wavelength range using eqn (1),

Lo = (I x IFE)/SE, (1)

where I and I..,, are the PL intensities of CdSe QDs at a particular
wavelength in the presence of a plasmonic field before and after
correction, respectively.

The PL spectrum of the QDs in the presence of AuNPs after
IFE and SE corrections are presented in the lower panel of
Fig. 4A. It is obvious from Fig. 4A that on selective coupling with
the plasmonic field of AuNPs, the band edge emission of CdSe
QDs shows a higher enhancement than the trap state emission.
These results are in agreement with the earlier reports on
plasmon-emitter interactions which resulted in the modulation
of the fluorescence spectral profile of the organic emitters.'®>>7
Here, we demonstrate strategies to modify the PL landscape of
QDs through selective plasmonic resonance coupling. Specifi-
cally, the plasmonic field enhances the band edge emission of
QDs through on-resonance coupling more effectively than the
trap-state emission which is in off-resonance. In this

20268 | Chem. Sci, 2024, 15, 20263-20273

experimental condition, a noticeable shift in the PL maximum
(Amax) is not observed in hybrid system with AuNPs having CdSe
QDs in the ratio of 1:3 when compared with bare CdSe QDs,
thus ruling out the possibility of the energy transfer between the
adjacent QDs.”*' However, the situation is different when the
number of QDs on the surface of AuNPs increases (vide infra).

3.3 Selective plasmon coupled PL enhancement

The PL enhancement factor (EF) of CdSe QDs in the presence of
the plasmonic field is estimated by adopting two methods
(Fig. 4). In the first case, EF is estimated by taking the intensity
at each wavelength (EF,), in the entire spectral window of 475-
780 nm and the spectrum is plotted (Fig. 4F). In the area-based
method, the PL spectrum in the absence and presence of AuNPs
is deconvoluted into two separate bands corresponding to band
edge and trap state emission, and the area under individual
bands is estimated (Fig. 4A). The EF of band edge (EFgg) and
trap state (EFrg) emission are obtained separately by comparing
the area of the band edge (as well as trap state) in the presence
and absence of plasmonic field (Fig. 4D). Under the influence of
the plasmonic field, we observe a significant enhancement in
the band edge emission (2.8 times) compared to the trap state
emission (1.3 times). Analysing these results, it is evident that
the selective enhancement of band edge emission over trap
state emission is due to the resonance plasmonic coupling.
Indeed, plasmonic nanoparticles can act as an optical

© 2024 The Author(s). Published by the Royal Society of Chemistry
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nanoantenna to concentrate light into a nanoscale volume
around the nanostructures, leading to an enhanced local elec-
tromagnetic field.**®** The plasmon-enhanced local electric field
around the metal nanostructure will increase the excitation rate
of the emitter since the excitation rate (yex) * |u-E|*, where u
and E represent the transition dipole moment, and the local
electric field, respectively.®* This excitation enhancement is
responsible for the small increase in the trap state emission due
to the overlap between the absorption spectrum of the emitter
and the extinction spectrum of the AuNPs at the excitation
wavelength (Fig. 2B and C). However, the significant enhance-
ment in the band edge emission is attributed to radiative rate
enhancement along with the small excitation enhancement.
Fig. 4B represents the schematic illustration of the band edge
and trap state emission of QDs in a homogeneous photonic
environment. The arrows in Fig. 4B and C correspond to exci-
tation (black), and PL from the band and trap states (green and
red, respectively). In the presence of the plasmonic nano-
particle, due to the resonance condition, an inhomogeneity in
the photonic environment is created (Fig. 4C). This increased
LDOS, available to QDs in a frequency-specific manner, is
responsible for the selective enhancement of PL in the band
edge. The enhanced emission from the band edge over the trap
state is represented by a thick green-colored arrow in Fig. 4C.
Factors other than the LDOS can influence PL, such as
quenching due to nonradiative energy transfer from the emitter
into the nanoparticle.'®**” However, we observe an effective
enhancement in band edge emission over the trap state emis-
sion, overriding the contributions of various processes that
result in PL quenching.

The enhancement factor at a specific wavelength (EF,) is
obtained by estimating the ratio of the PL intensity in the
presence (I.,,) and absence (I,) of the plasmonic field (eqn (2)),
in the entire spectral range, at an interval of 0.5 nm and con-
structing the spectrum (Fig. 4F).

1,
EF, = ¢ )
Iy

Interestingly, the wavelength-by-wavelength plot of EF; dis-
played a distinct peak at the band edge emission region
compared to the trap state emission region (Fig. 4F). The EF,
profile, represented by the green open circles in Fig. 4F, dis-
played a peak maximum at 527 nm. Notably, the EF, spectrum
closely matches with the extinction spectral profile of the AuNPs
employed in this investigation, which shows a peak at 527 nm
(red spectrum in Fig. 4F), rather than the band edge emission
maximum of CdSe QDs at 506 nm (Fig. 1A and C). This result
again implies that selective PL enhancement is due to the
resonance plasmonic coupling. To verify the consistency of the
observations, an additional set of experiment is conducted and
similar results are observed, confirming wavelength-specific
enhancement in the PL spectrum of CdSe QDs by plasmonic
coupling. The details are provided in the ESI, Section 10 and
11.1 The overall enhancement factor, EF;, has contributions
from the excitation and emission rate enhancement. Their

© 2024 The Author(s). Published by the Royal Society of Chemistry
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individual contributions are calculated and presented in ESI,
Section 12.F

To obtain a theoretical insight into the results, we calculated
the radiative rate enhancement of a point dipole placed at the
approximate center of the QDs from Au nanoparticle. The trend
in the experimentally calculated EF, spectrum also parallels to
the classical electrodynamics calculation of the radiative rate
enhancement shown in Fig. 4G. Thus, the theoretical studies
also confirm the selective enhancement of band edge emission
rather than the trap state emission. Upon plasmonic coupling,
the radiative rate of the QDs enhances mainly in the on-
resonance band edge emission rather than the off-resonance
trap state emission. Details of theoretical calculations are
similar to those reported earlier by our group.** This trend is
attributed to the frequency-specific enhancement in LDOS of
the emitter coupled to plasmon resonance, resulting in an
enhanced radiative rate at the resonance frequency and hence
altering the spontaneous emission of the emitter. However, we
find that the simplest approaches for accounting for both
radiative and nonradiative contributions® are not appropriate
for the present case, possibly owing to the simplicity of the
assumed classical point dipole approximations for the emitter
and surface charge effects that alter the nature of the plasmon/
emitter interactions.

The PL lifetime of CdSe QDs in the absence and presence of
AuNPs are measured at 506 nm (excited at 375 nm), using time-
correlated single photon counting (TCSPC) to investigate the
modification in spontaneous emission rate. The PL decay curve
of the CdSe QDs is fitted using the triexponential function,
having the lifetime components of 4.58, 20.01, and 98.75 ns
(ESI, Section 13t), with an intensity averaged lifetime (tayg) of
35.5 ns. The 14, of QDs remains unaffected (31.0 ns) when
bound to PAH-coated SiO, NPs, the blank substrate devoid of
the plasmonic field. However, 7, reduces to 20.7 ns when the
CdSe QDs are bound on the AuNPs (Fig. 4E) along with the
reduction of all PL decay components (1.15, 8.39, and 42.16 ns).
The influence of plasmonic field on various recombination
channels is presented in Table S1.f The decrease in the PL
lifetime further indicates a strong LDOS dependency on the
excited state, thus playing a dominant role in radiative rate
enhancement over various nonradiative channels.

3.4 Plasmon coupled PL enhancement vs. energy transfer

Further, we have investigated plasmon coupled PL of CdSe QDs
which are devoid of trap state emission by varying its number
density. CdSe is overcoated with a wide band gap semi-
conductor, ZnS, that eliminates the possibility of dangling
bonds and other surface defects. CdSe/ZnS QDs possess a PL
maximum at 541 nm with ¢p, of 0.11 £ 0.02 which overlaps well
with the extinction spectrum of the AuNPs (Fig. 1B and C).
Compared to CdSe QDs, the PL spectral maximum of CdSe/ZnS
QDs is slightly red-shifted from the extinction spectrum of
AuNPs.

Using the electrostatic binding method described in the
previous section, the hybrid systems are prepared by adding
negatively charged CdSe/ZnS QDs to positively charged AuNPs
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(340 pM) by varying the number density of QDs. Two concen-
trations of QDs (3.72 nM and 38.0 nM) are employed for the
studies and their binding causes a decrease in the { potential of
AuNPs (+44 mV). Nevertheless, the { potential remained suffi-
ciently high: +40 mV and +32 mV upon the addition of 3.72 nM
and 38.0 nM of CdSe/ZnS QDs, respectively (Fig. S12B and 13B,
ESIY). These results validate the effective binding of added CdSe
QDs on the surface of AuNPs. Based on molar equivalents, we
estimated the number density of QDs on AuNPs as ~10 and
~100 on the addition of 3.72 nM, and 38 nM of CdSe/ZnS QDs,
respectively.

The extinction spectral profile of the AuNPs is retained after
the addition of QDs in both cases, ruling out the possibility of
aggregation during the electrostatic binding (Fig. 5C and D).
These results confirm the colloidal stability of the hybrid system
even at a high concentration of QDs. The PL spectrum of CdSe/
ZnS QDs in the absence and presence of AuNPs is collected by
exciting the sample at 375 nm, wherein both the components
possess absorption. After correcting for IFE and SE, the area-
and intensity-based enhancement factors for hybrid systems
containing ~10 and ~100 CdSe/ZnS QDs are calculated. Notably
the PL intensity of hybrid system is dependent on the number
density of CdSe/ZnS QDs and a schematic representation is
presented in Fig. 5A and B. These aspects are discussed below.

An enhancement in the PL intensity of the emitters is
observed when a lower number density (~10 CdSe/ZnS QDs per
AuNPs) is used (Fig. 5E). By calculating the EFgg, we observe
a 4.3-fold enhancement, shown in Fig. 5H. Interestingly,
alongside the enhancement in PL intensity, the EF, spectral
profile across the entire spectral window closely follows the
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extinction spectrum of the plasmonic nanoparticle (Fig. 5G).
This unique spectral profile matching is a hallmark of plasmon-
assisted PL enhancement.

Further on increasing the number of CdSe/ZnS QDs on the
surface of AuNPs from ~10 to ~100, PL quenching is observed
instead of an enhancement, after performing IFE and SE
corrections (Fig. 5F). The EFgg of the hybrid system is estimated
to be 0.47 for the high number density of emitters, indicative of
PL quenching presented in Fig. 5H. Interestingly, along with the
reduction in the PL intensity of the hybrid system, a red shift in
the PL maximum from 541 nm to 550 nm is observed compared
to QDs in the absence of AuNPs (Fig. 5F). This red shift in PL
maximum is indicative of the nonradiative energy transfer
between nearby QDs in the presence of the plasmonic field
(Fig. S14t).788 A size distribution exists within QDs, causing
smaller QDs to nonradiatively transfer energy to larger ones
when they are in close proximity. It is established that Forster
resonant energy transfer efficiency between emitters can be
enhanced by the plasmonic field.*>**** Unlike in the case of Fig.
5G, the experimentally calculated EF, profile deviates from the
extinction spectrum of the plasmonic nanoparticle when the
number density of QDs is high, as shown in Fig. S15.1 The red
shift in EF,, along with quenching in the blue region and
enhancement in the red region, reaffirms the occurrence of
nonradiative energy transfer between the QDs in the presence of
the plasmonic field. Thus, the observed quenching in the PL is
attributed to plasmon-assisted nonradiative energy transfer. In
summary, the higher number density of emitters on the surface
of plasmonic material critically influences the frequency-
specific PL enhancement of these emitters. In such cases,
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plasmon-assisted energy transfer between emitters competes
with metal-enhanced fluorescence, thereby altering the PL
landscape more significantly than the latter.

4. Conclusions

A physical approach for the preferential enhancement of band
edge emission of CdSe QDs over its trap state emission is
demonstrated using frequency-specific plasmonic resonance
coupling. The emitter-bound plasmonic hybrids are designed
via electrostatic interaction between positively charged
polymer-coated Au nanoparticles and negatively charged CdSe
QDs. The formation of the hybrid system is confirmed using
TEM and zeta potential studies. Selective photoluminescence
enhancement is achieved by matching the plasmon resonance
of Au nanoparticle with the band edge emission of QDs. The
spectral overlap between the two components enhances the
density of optical states at the resonance wavelengths, resulting
in an increased emission rate. The photoluminescence
enhancement factor of CdSe QDs, calculated at each emission
wavelength (EF;), matches well with both the extinction spec-
trum of the plasmonic material and the theoretically calculated
radiative rate enhancement. Frequency-specific enhancement
of photoluminescence in the presence of plasmonic material is
further validated using CdSe/ZnS QDs, which are devoid of trap
state emission, by varying the emitter density. A significant
photoluminescence enhancement is observed at lower emitter
density of QDs on the surface of the plasmonic material, while
an increase in the number density results in photo-
luminescence quenching accompanied by a red shift in the
emission maximum. These effects are attributed to plasmon-
assisted energy transfer between nearby QDs in the hybrid
system. Thus, depending on the number density of emitters on
Au nanoparticles, plasmon-assisted enhancement and energy
transfer compete. Therefore, it is crucial to optimize the
number of emitters on plasmonic nanoparticles while
designing hybrid systems with enhanced photoluminescence
intensity having applications in diverse arenas of
optoelectronics.
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