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ABSTRACT: We demonstrate that a solution-processed heterojunction interface formed via the addition of a thin buffer layer of
CdSe/ZnS quantum dots (QDs) to a functional metal oxide plasmonic metastructure (FMOP) can set up a collective interquantum
dot energy-transport process, significantly enhancing the emission of infrared PbS quantum dots. The FMOP includes a Schottky
junction, formed via deposition of a Si layer on arrays of Au nanoantennas and a Si/Al oxide charge barrier. We show when these
two junctions are separated from each other by about 15 nm and the CdSe/ZnS quantum dot buffer layer is placed in touch with the
Si/Al oxide junction, the quantum efficiency of an upper layer of PbS quantum dots can increase by about 1 order of magnitude.
These results highlight a unique energy circuit formed via collective coupling of the CdSe/ZnS quantum dots with the hybridized
states of plasmons and diffraction modes of the arrays (surface lattice resonances) and coupling between such resonances with PbS
QDs via lattice-induced photonic modes.

KEYWORDS: PbS quantum dots, collective, energy transfer, surface lattice resonances, metallic nanoantennas, plasmons,
exciton-plasmon coupling

1. INTRODUCTION to increase the radiative decay rates of PbS QDs.*”"" The key
Colloidal lead sulfide (PbS) quantum dots (QDs) have been aspect of such investigations is to make such decay processes
the focus of significant attention in recent years. A key feature compete beltztfgéwith the nonradiative decay caused by the
of these QDs is their band gap scalability, which efficiently defect sites.

covers a wide range of the infrared spectrum. This makes them At the device level, suppression of interface recombination
very attractive for photovoltaic applications, including solar caused by the defect sites of PbS QDs is important for the
cells, detectors, and light sources.' > Another important enhancement of solar cell efficiencies. A recent report has
feature of PbS QDs is the possibility of multiple exciton shown that this can be done via the application of a CdSe QD
generation.” This process can, in principle, create a new buffer layer at the junction between ZnO nanoparticles and
horizon for going beyond the Shockley—Queisser efficiency PbS quantum dots."” Such a layer can optimize carrier
limit, offering a significant improvement in efficiencies of solar concentration and energy band alignment of such a junction,
cells. Despite such appealing features, some of the intrinsic increasing the solar power conversion efficiencies. Solution-

properties of PbS QDs have hindered their applications. These
include their large amount of defect sites, which are
progressively 1ncreased with interaction with the ambient
enwronment and light® and their slow spontaneous emission
decay rates.”® A combination of these features has led to low
efficiencies, as fast nonradiative decay processes can easily
dominate radiative decay of PbS QDs, leading to limited useful
applications. To alleviate these issues, significant research has
been devoted toward the application of plasmonic metallic
nanoantennas (mANTs), nanocavities, and photonic cavities

processed ZnO/PbS QD solar cells have also been made more
efficient by engineering the band alignment of the QD layers
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Figure 1. (a) Cross-sectional view of FMOP, including a glass substrate, Au mANT array, Si spacer, an ultrathin Al oxide layer, and a thin film of
CdSe/ZnS QDs. (b) Electronics structure of a FMOP, including the Schottky junction and a Si/Al oxide charge barrier. (c) FMOP with a CdSe/
ZnS QD buffer and a PbS QD thin film. (d) Schematic illustration of the collective transport of energy from CdSe/ZnS QDs to PbS QDs via SLR
and LIPM coupling. Layer arrangements of control samples consisting of CP (e) and PC (f).

through the use of ligand treatments.'® Additionally, recently
the issue of the charge separation at the heterojunction
interface of solution-processed PbS/ZnO colloidal QD solar
cells was studied."” It was shown that photodoping of ZnO
quantum dots can increase charge extraction.

Although applications of metallic nanostructures have
captured many useful features of plasmonics for enhancement
of quantum efficiencies of PbS QDs, this technique is
hampered by the inherent loss caused by transfer of energies
from the QDs to the mANTSs via Forster resonance energy
transfer (FRET)*°™>° and persistent presence of defect sites,
referred here as the defect environments (DEs).”*%* Recently,
we presented a platform of material structure, called functional
metal oxide plasmonic metastructure (FMOP), that is able to
enhance the emission of QDs via Purcell effect while causing
plasmon-induced suppression of the DEs (Figure 1a).”” FMOP
consisted of an Au/Si Schottky junction close to a Si/Al oxide
charge barrier (Figure 1b). The Schottky junction was formed
when arrays of mANTs were imbedded in the amorphous Si
layer and then a charge barrier was generated by adding an
ultranarrow layer of Al oxide (Figure la). The plasmon-
induced suppression of the DEs in FMOP happens via the
generation of hot electrons and their transport across by the
Schottky barrier to the Si layer (Figure 1b). In the presence of
the Si/Al oxide charge barrier, the captured electrons set up an
electrostatic field, suppressing the migration of photoexcited
electrons from QDs to surface trap states.

In this paper, we demonstrate that a solution-processed
heterojunction interface formed via adding a CdSe/ZnS QD
layer (buffer) to a FMOP (Figure 1c) can enhance the
emission of efficiencies of thin films of PbS QDs by about 1
order of magnitude. The CdSe/ZnS QD bufter layer is added
directly to the top of the Si/Al oxide junction of the FMOP,
followed by the deposition of the PbS QDs. We show that the
ultrahigh emission enhancement of PbS QD thin films can be
associated with a collective energy-transport process that
delivers excitation energies from CdSe/ZnS to PbS QDs
(Figure 1d). Such a process is involved with the coupling of
CdSe/ZnS QDs with surface lattice resonances (SLRs) formed
via hybridization of the LSPRs of the mANTSs with Rayleigh
Anomaly (RA). The periodicity of the mANT array is adjusted
such that the SLR wavelengths occur around the excitonic
transition energies of the PbS QDs. At the same wavelength
range, the array also generates lattice-induced photonic modes

(LIPMs) formed via optical interference.””*" Our results show

that such modes can effectively interact with the PbS QDs and
the SLR modes of the mANT arrays. A combination of these
processes establishes a coupling between the CdSe/ZnS and
PbS QDs, leading to transport of energy from the former to the
latter (Figure 1d). These results suggest an energy circuit
wherein excitation energy is transported via coupling of two
heterogeneous resonances (SLR and LIPMs) and FMOP.

2. METHODOLOGY

Fabrication of FMOP started with the formation of an array of
Au mANTS on glass substrates using e-beam lithography. The
SEM image of the mANTs (Figure 2a) suggests that the
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Figure 2. (a) Top-view SEM image of the mANT array before
deposition of the Si layer. (b) AFM image of the array after deposition
of 15 nm Si. (c) Extinction spectra of the Au array for x-pol and y-pol
when the array is exposed to air (solid lines) and after 15 nm of n-Si
deposition (dashed lines). (d) Variation of the extinction spectrum
when the sample with 1S nm Si is rotated along the y-axis and the
incident light has y-pol. The number close to each spectrum refers to
the angle of rotation. The bar in (a) is 300 nm.

average width of the mANT was 125 nm and the length ~200
nm. The nominal height was 40 nm. After this, 15 nm of n-type
Si was sputtered on this top of the arrays. Such a doping allows
us to have an efficient Schottky barrier for harvesting hot
electrons.”” The AFM image in Figure 2b shows that the 15
nm Si coated the mANTS, leaving the troughs between them
open. After this step, 1 nm of Al oxide was sputtered on the top
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Figure 3. (a) Emission of Si/CdSe (solid line) and Si/Al ox/CdSe (dashed line). (b) Emission of samples, CP (solid line) and ACP (dashed line).
(a’) shows decay of Si/CdSe (line 1) and Si/Al ox/CdSe (line 2). (b’) represents the decay of CdSe/ZnS QDs in samples, CP (line 3) and ACP
(line 4). (c) Emission of Si/PbS (solid line) and Si/Al ox/PbS (dashed line). (d) Emission of PC (solid line) and Si/Al ox/PbS/CdSe (dashed
line). (c’) shows the decay of Si/PbS (line 1’) and Si/Al ox/PbS (line 2'). (d’) represents the decay of CdSe/ZnS QDs in PC (line 3’) and APC

(line 4').

of the Si layer. We characterized the properties of the FMOP
by spin coating the CdSe/ZnS QDs on the top of the Al oxide
and investigate their optical properties. After this step, a
solution of PbS QDs was spin-coated on the top of the CdSe/
ZnS QDs (Figure 1c). Several reference samples were also
fabricated. These included samples consisting of glass
substrates coated with Si and Si/Al oxides with CdSe/ZnS
and PbS QD thin films (Figure le) and vice versa (Figure 1f).
The CdSe/ZnS and PbS QDs were acquired from NN-Labs
LLC. The CdSe/ZnS QDs had octadecylamine ligands with
core and shell sizes of 4.8 and 4.7 nm, respectively, and they
emit at 660 nm. PbS QDs, on the other hand, had oleic acid
ligands with 3 nm core sizes, and their emission wavelengths
were 920 nm. A laser field with a 514 nm Ar laser was used to
excite the QDs, and their emission was detected by sensitive
visible and infrared spectrometers. A time-correlated single-
photon counting (TCSPC) system (Picoquant Pico-Timeharp
260) combined with a 30 ps 450 nm pulsed laser and a single-
photon avalanche detector (SPAD) was used to study the
lifetimes of these QDs. Because of photoactivities of PbS when
they are exposed to air and light,”*** the measurements were
done within few seconds of exposure to the laser beam and
immediately after preparation of samples. Note that the 1 nm
of Al oxide was formed after exposing the 1 nm of Al to the
ambient environment. Our results have shown that this process
leads to grains of Al oxide,”* which expected to have reduced
band gaps.”® Based on our previous reports,”* 1 nm was the
optimized thickness for the enhancement of radiative decay of
QDs.

Figure 2c shows the extinction spectra of the mANT array
when the incident light was polarized along x- and y-axes
(Figure 2a) referred to as x-pol and y-pol, respectively. The
strongly asymmetric peak peaked at 726 nm in the absence of
Si in the case of y-pol (blue solid line) refers to the onset of
formation of SLR.** Adding the Si layer matures the SLR with
a peak at about 900 nm (blue dashed line). For the x-pol, the
main peaks at 821 nm (no Si) and 1043 nm (with Si) are both
associated with the LSPR of individual mANTs. Figure 2d

11915

shows the variation of the extinction spectrum of SLR for y-pol
when the sample with the Si layer was rotated along the y-axis.
The results show that rotation splits the main peak in two. The
longer wavelength peak shifts quite much with the angle of
rotation (6). Considering variations of these satellites and the
wavelengths of RA (+1,0) and (—1,0) modes with 6
(Supporting Information, Figures S1 and S2) confirms the
nature of the hybridization of LSPRs with the diffraction
modes of the arrays, i.e., the formation of SLRs. This is further
confirmed by our numerical simulations in the following pages.
A detailed discussion regarding the nature of SLR seen here is
provided in the Supporting Information.

3. HETEROJUNCTION INTERFACE
CHARACTERIZATION

We start our investigation considering the design of the buffer.
For this, we analyzed the emission intensity and dynamics of
hybrid structures consisting of CdSe/ZnS and PbS QDs in the
presence of glass substrates covered with Si or Si/Al oxide but
in the absence of the mANT arrays. For this, we considered
two types of arrangements of QDs. As schematically shown in
Figure 1le,1f, this includes deposition of CdSe/ZnS QDs
followed by PbS QDs, i.e, Si/Al ox/CdSe/PbS (sample ACP),
and vice versa, ie, Si/Al ox/PbS/CdSe (sample APC).
Similarly, we considered samples without Al oxide, ie., Si/
CdSe/PbS (sample CP) and Si/PbS/CdSe (sample PC). We
start with the case of Figure le. Figure 3a shows the emission
of CdSe/ZnS QDs on Si (solid line) and Si/Al oxide (dashed
line). The results are along what we reported before,®”*® i,
an increase in the emission of QDs on Si/Al oxide compared to
those directly deposited on Si. The impact of the Al oxide layer
on the decay of QDs can be seen in Figure 3a’, wherein the Al
oxide layer increases the lifetime of CdSe/ZnS QDs (line 2)
compared to that without Al oxide (line 1). As discussed by us
before,””*" this is due to the electrostatic field formed at the
Si/Al oxide (charge barrier), that suppresses migration of
excitons to the defect sites.*
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Figure 4. Heterojunction band diagrams of Si/CdSe (a) Si/Al oxide/CdSe (b), CP (c), ACP (d), PC (e), APC (f), and Au-ACP (g). The curved
arrows refer to electron-transfer processes and arrows with ET represent FRET from PbS QDs to the Si layer.

The addition of PbS to the top of CdSe/ZnS QDs on such a
sample, forming ACP (Figure le), offers a different picture. As
seen in Figure 3b, for such a configuration we can see the
emission of both CdSe/ZnS and PbS QDs at about 660 and
~920 nm, respectively. The results also show that the emission
intensities of ACP (dashed line) at 660 nm are about half of
that without Al oxide, i.e., CP (solid line). The emission of PbS
QDs, on the other hand, has increased with a slight amount of
red shift (dashed line). Another key observation is that in this
configuration, the lifetime of CdSe/ZnS QDs in the presence
of Al oxide (line 4) undergoes a smaller amount of elongation
than that of the case without PbS QDs (Figure 3b’). The
overall decay rates are, however, faster than those in seen
Figure 3a’.

The situation is rather different for the case of APC (Figure
1f). To investigate this, we start with the Si/PbS case. As seen
in Figure 3c, the addition of Al oxide (Si/Al ox/PbS system)
mostly red shifts the emission spectrum of the PbS QDs
(dashed line). Figure 3¢’ shows adding Al oxide reduces the
lifetime of PbS QD:s slightly (line 2”). This can be explained, at
least in part, considering the fact that the results in Figure 3¢’
do not represent the overall decay rates of PbS QDs. This is
because of the fact that the quantum efficiency of the SPAD of
our TCPSC system decreases from 15% at 800 nm to about
2% at 1000 nm. Therefore, for PbS QDs, this system
unproportionately detects QDs with smaller core sizes. Since
smaller QDs can transfer their energies to QDs with larger
cores, their lifetimes are shorter.’! Considering this, the red
shift seen in Figure 3c (dashed line) pushes the spectrum of
PbS QDs further into the longer wavelengths, causing a
reduction of a lifetime. To make our measurements more
precise in the cases where both types of QDs existed, we used a
filter to block the emission of PbS QDs. Note that despite
these, a biexponential fitting allows us to show the initial fast
decay in Figure 3c’, which can be associated with nonradiative
decay and has a lifetime of 760 ps for line 1’ and 670 ps for the
case of line 2. The details of the fitting processes and the
extracted rates can be found in the Supporting Information
(Table S1). The slow decay parts, which represent radiative
decay, have scales of ~60 and 74 ns. These values are
consistent with the fact that PbS QDs can have long radiative

11916

decay due to their de§enerate band structures and dielectric
screening of excitons.*>*!

Figure 3d shows that the APC configuration supports higher
CdSe/ZnS emission than the case of PC. This is rather in
contrast to what seen in the case of the ACP system (Figure
3b), wherein we saw a reduction of emission at 660 nm when
Al oxide was added. Figure 3d also shows that in both PC and
APC systems, there is no sign of emission of the PbS QDs. The
lifetimes of the CdSe/ZnS QDs in such a configuration (Figure
3d’), however, offer a significantly longer lifetime (line 4') than
that of the case of PC (line 3’). The outcomes of the
biexponential fitting of CdSe/ZnS emission (Table S1) show
that in the absence of Al oxide (line 3’), the nonradiative and
radiative decay time scales are 0.67 and 3.42 ns. In the
presence of Al oxide (line 4'), they become 1.41 and 6.32 ns,
respectively. Note that this shows that adding Al oxide actually
approximately doubles the nonradiative decay lifetime,
enabling more radiative decay. Note that the results for
CdSe/ZnS and PbS thin films on Si shown in Figure 3a,c can
provide some clues regarding the efficiencies of absorption of
the laser beam by such thin films. Considering that these films
have similar thicknesses (~50 nm), their relative peak heights
and widths (Supporting Information, Figure S7) suggest that
band-edge exciton densities in CdSe/ZnS QD thin films were
about twice of those in PbS QD thin films.

The results presented in Figure 3 can be analyzed
considering the electronic states of the QDs and the Si layer.
In the case of Figure 3a, note that the defect states in the Si
layer can act as acceptors for photoexcited electrons in the
CdSe/ZnS QDs (Figure 4a). Therefore, we can associate the
increase of the emission with Si/Al ox/CdSe to the fact that
the Si/Al oxide surface charge density suppresses the transition
of the photoexcited electron in CdSe/ZnS QDs to the Si layer
and surface defects of the QDs (Figure 4b). For the case of
Figure 3b, the junction alignment of the CP allows the transfer
of photoexcited electrons from PbS to CdSe/ZnS QDs and
then to the Si layer (Figure 4c). In the presence of the Al
oxide, however, the channel of electron transfer to the Si layer
from CdSe/ZnS QDs is hampered by the Si/Al oxide charge
barrier (Figure 4d). This can lead to some level of optical
doping of the CdSe/ZnS QDs, causing suppression of the
emission of such QDs via enhancement of Auger recombina-
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tion. For the case of PbS QDs, however, since they do not have
shells, they can be more reactive to the surface passivation
caused by Al oxide and irradiation, in general.””** This may be
the reason for the limited increase of intensity, as seen in
Figure 3b (dashed line). Note that here we only consider
electron migration. Hole-transfer rates are typically smaller
than those of electrons,** and for the case of CdSe/Zn$ QDs,
the shells (ZnS) tend to localize holes more than electrons.*

The results shown in Figure 3c,c’ suggest that the Si/Al
oxide junction does not have a prominent impact on the
emission of PbS QDs. This may be related to initial fast decay
seen in the case of such QDs (Figure 3c¢’). Such a decay is a
sign of efficient Auger recombination and a significant presence
of trap sites, which may overwhelm the impact of such a
junction. For the case of Figure 3d (PC and APC), we can
associate the lack of emission of PbS QDs to the multiple
decay channels of PbS QDs. As shown in Figure 4e, for such
systems, the energies of such QDs can be transferred to the Si
layer via FRET."™ In addition to this, the photoexcited
electrons in PbS QDs can readily decay to the Si layer and
CdSe/ZnS QDs. A key feature here is the doping of the CdSe/
ZnS QDs via photoexcited transfer from PbS QDs. Such a
process can increase the Auger recombination rate in the
CdSe/ZnS QDs, causing a reduction of their emission. This
process can increase the decay rate of such QDs, as shown in
Figure 3d’ (line 3’). Considering the results shown in Figure
3d’, one expects that adding the Al oxide layer, i.e., forming
APC configuration, should allow the electrostatic field of the
Si/Al oxide to suppress the migration from the CdSe/ZnS
QDs (Figure 4f). The outcome of this can lead to an increase
of their emission (Figure 3d, dashed line). Note that here the
direct transfer of excitation energy from CdSe/ZnS to PbS
QDs (FRET) should not be significant. This is because of the
lack of efficient dipole—dipole coupling, as the exciton dipoles
of the donors (CdSe/ZnS QDs) have much higher energies
than those of the acceptors (PbS QDs).

4. COLLECTIVE ENERGY TRANSFER VIA FMOP

Based on the results presented in Figure 3, the Si/Al ox/CdSe
structure seems to have the right heterojunction conditions for
emission enhancement of PbS QDs. To see this, we deposited
such a structure on the mANT array, forming a FMOP with a
CdSe/ZnS buffer layer. This was followed by the spin coating
of the PbS QDs on the top (Figure 1c). The alignment of the
work functions in such a structure is shown in Figure 4g. As
seen in Figure 2¢, in such a structure, the LSPRs and SLRs of
the mANTSs happened at about 650 and 900 nm (blue dashed
line), respectively. As a result, CdSe/ZnS QDs are fairly close
to LSPRs, while PbS QD transitions happen around the same
wavelengths as those of SLRs. The results of measurements of
emission of Si/Al ox/CdSe in the absence (solid line) and the
presence of Au mANT arrays (dashed line) are shown in
Figure Sa. These results show about 4.5 times emission
enhancement. Figure Sa’ indicates that the decay of Au/Si/Al
ox/CdSe is only slightly faster than that of Si/Al ox/CdSe.
This is despite the fact that the Purcell effect and FRET from
such QDs to mANTS tend to decrease their lifetimes.'® To see
this better, note that the total polarization damping rate of
QDs can be expressed as y, = I',/2 + I',,/2 + y,,, wherein I'; and
I',, represent the radiative and nonradiative decay rates,
respectively, and y, is the pure dephasing rate caused by elastic
scattering of excitons with phonons, defects, etc. While the
Purcell effect increases I',, the value of I, is the result of decay
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Figure S. (a) Emission of Si/Al ox/CdSe (solid line) and Au/Si/Al
ox/CdSe (dashed line). (b) Emission of ACP (solid line) and Au-
ACP (dashed line). (a’) shows the decay of CdSe/ZnS QDs in Si/Al
ox/CdSe (line 1) and Au/Si/Al ox/CdSe (line 2). (b’) represents the
decay of CdSe/ZnS QDs in ACP (line 3) and Au-ACP (line 4).

via FRET and defect sites. In the Au/Si/Al ox/CdSe system,
the FRET process can increase I',,, while the hot-electron-
induced passivation of QDs via FMOP reduces this rate.””
Therefore, depending on the extent of suppression of I' via
FMOP, the overall decay rate of the QDs maybe not a direct
measure of the Purcell effect and FRET (Supporting
Information, Table S1).2%*%%*

The addition of PbS QDs on the top of the FMOP with the
CdSe/ZnS QD buffer layer leads to interesting observations.
Figure Sb shows the results for the cases of ACP (solid line)
and Au/ACP (dashed line), demonstrating that addition of
PbS QDs leads to some reduction of the emission enhance-
ment factor of the CdSe/ZnS QDs, decreasing from ~5 in
Figure Sa to ~4 in Figure Sb. On the other hand, the emission
of PbS QDs undergoes a very high enhancement of about 10
times. These happen without any significant spectral variations.
Figure 5b’ shows that, despite such significant changes in the
emission of the QDs, the ACP and Au/ACP structures support
similar decay rates for the CdSe/ZnS QDs (lines 3 and 4).

To discuss the physics behind the results shown in Figure 5,
we need to highlight two major features. The first is the carrier
relaxation and energy-transport processes in the Au/Si/Al ox/
CdSe/PbS structure and the second is the interaction of CdSe/
ZnS and PbS QDs with the mANT array. To address the latter,
we studied the mode profiles and resonances of the array using
the COMSOL MultiPhysics software (Supporting Information,
Section 3). The results presented in Figure 6a,6b show the
extinction spectra when the incident light was considered to be
polarized along y- (y-pol) and x-axes (x-pol), respectively.
These two figures support strong peaks at 790 (peak C) and
945 nm (peaks C’), respectively. The results also show that
peak C is particularly sharp. Each of these spectra also has
smaller peaks in the short wavelength sides (peaks A, B, A’,
and B’). Figure 6c—e shows the mode profile associated with
peaks A, B, and C, in the y—z plane, respectively. This plane
passes through the middle of the mANT along the y-axis
(Figure S3a). Figure 6¢'—6e’ represents these modes along the
in the x—2z plane. This plane passes through the middle of the
mANT along the x-axis (Figure S3b). Figure 6g,6g’ shows the
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Figure 6. (a, b) represent, respectively, the results of the simulation for transverse (y-pol) and longitudinal (x-pol) extinction spectra of the mANT
arrays, as shown in Figure la. (c—e) show the mode profiles in the y—z plane for peaks A, B, and C in (a). (¢'—e’) refer to mode profiles of the
same peaks in the x—z plane. (g, g’) represent the mode profiles of peak C’ in the y—z and x—z planes, respectively. (f) compares the scale of
thickness and the position of CdSe/ZnS and PbS QD thin films with the mode profiles.
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Figure 7. (a) Schematic diagram of electron relaxation, energy-transfer processes, exciton-induced excitation of LSPRs in a Au/ACP system. (b)
Exciton dipoles after carrier relaxation in off-resonantly excited QDs and the transverse and longitudinal modes of a mANT. (c) The overall scheme
of the energy-transfer route from optical excitation in CdSe/ZnS to PbS QDs.

mode profiles of peak C’, i.e., for the x-po], in the y—z and x—z
planes, respectively.

At 635 nm (peak A), the results in Figure 6c show the
formation of a strong optical mode on the top of the mANTS.
This mode is extended along the y-axis and coupled to the
plasmonic edge modes of the mANT in the superstrate, as seen
in Figure 6¢’. The mode profiles associated with peak B show a
stronger plasmonic feature but with less photonics loading
(Figure 6d). The optical mode, now is rather mostly extended
along the y-axis in the superstrate (Figure 6d’). These results
suggest that peak A is a LIPM, involving edge modes and
photonic modes generated by the periodicity of the array.”””!
Peak B is involved with LSPR coupled with the photonic
modes. For the case of peak C, we can see the strong optical
field between the mANT mostly in the substrate (Figure 6e).
This refers to the SLR. Such a resonance is the outcome of the
hybridization of the diffraction modes of the mANT arrays
with the LSPRs. This happens when the Rayleigh Anomaly
wavelength is close to the LSPRs (Supporting Information,
Section 1).*%** As seen in Figure Ge, for the structures
considered in this paper, the diffractive coupling of LSPRs
mostly occurs in the substrate. Figure 6e’ shows this resonance
is also coupled with the photonic modes along the y-axis. Such
a mode is well inside the superstrate. For the x-pol
(longitudinal), the results in Figure 6g,g’, suggest that peak

C’ is mostly the fundamental longitudinal mode of the
mANTSs. Note that this mode is accompanied by an intense
photonic field in the superstrate.

Figure 6f compares the relative positions of the CdSe/ZnS
and PbS QD thin films from the FMOP structure with the
spatial positions of the LIPMs and SLR modes in the
superstrate. We estimated the thicknesses of the CdSe/ZnS
and PbS QDs were about 50 nm. Considering this, for y-pol
(Figure 6c—6e,c'—6e’) we note that the CdSe/ZnS QD film
can well be influenced by the plasmonic fields (transverse
LSPRs) of the individual mANTSs. This explains the emission
enhancement of such QDs via FMOP, as seen in Figure Sa.
Additionally, Figure 6e’ shows SLRs are clearly coupled with
photonic modes (LIPMs) with high overlap with the PbS thin
film. Note that the results seen in Figure 6 indicate that the
impact of LSPRs on PbS QDs is not significant, as their
energies do not match well and the modes associated with
LSPRs do not reach the PbS QD thin films.

Considering these features and the fact that the wavelength
of the laser used to optically excite QDs was 514 nm, the
overall alignment of transition energies of the Au/ACP
structure is shown in Figure 7a. Note that this figure
emphasizes the fact that neither LSPRs nor SLR is directly
excited by this laser. Rather such a laser predominantly excites
CdSe/ZnS and PbS QDs off-resonantly, which after relaxation
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they form near-band gap excitons (Figure 7a). In general, the
dipoles of such excitons (¢) have random directions. In the
presence of the mANTS, however, the QD dipoles with specific
directions (x and jy-axes) can interact with the mANTs,
exciting transverse or longitudinal plasmon modes (Figure 7b).
Based on the transition energies of CdSe/ZnS QDs, we expect
such dipoles predominantly interact with transverse modes (y-
pol) of the mANTs. Such interaction allows energies of the
CdSe/ZnS QDs to be transferred to the LSPRs via FRET. In a
recent investigation, we provided some evidence of direct the
energy transfer from QDs to LSPRs and SLRs. This was done
considering the QDs were biologically conjugated with the
mANTs."

On the other hand, since the energies of excitons associated
with PbS QDs are very close to SLRs (Figure 7a), they can
indirectly couple to the SLR mode via LIPMs (Figure 6e’).”"*
Therefore, the photons emitted by PbS QDs can couple to the
SLRs and, in turn, they can enhance the emission of such QDs.
A critical feature shown in Figure 7a is the fact that LSPRs are
coupled with diffractive modes or RA. This suggests the
possibility of linking between CdSe/ZnS and PbS QDs and,
therefore, energy sharing. Figure 7c schematically shows the
overall picture that can be responsible for the ultrahigh
enhancement of the emission of the PbS QDs. The main driver
of energy transport depicted in this picture is the interaction of
the CdSe/ZnS QDs with the FMOP, which makes such QDs
highly efficient emitters. Such QDs also have high absorption
efficiency. Such a highly energized system is interacting with
PbS QDs via SLR and LIPM, which leads to a flow of energy
from CdSe/ZnS to PbS QDs (Figure 1d).

To gain further insight into the physical pictures of the
exciton-induced excitation of LSPRs and FRET shown in
Figure 7a, note that based on the AFM image shown in Figure
2b, the 15 nm Si layer mostly coated the mANTS. As a result,
after spin coating, we expect CdSe/ZnS QDs to fill the troughs
between the mANTS. Therefore, such QDs can interact with
the mANTSs not only from the top but also from the sides
(Figure 8a). Based on this picture, we theoretically investigated
the interaction of single QDs with a Au mANT to determine
which cases provided the most efficient interaction (details are
provided in Supporting Information, Section 4). In Figure 8a,
My and p,, refer the cases when the QD dipoles were on the
top of the mANT with directions along x- and y-axes,
respectively. u, and u,, on the other hand, represent the cases
of QDs that were placed in the troughs (sides) of the mANTs,
also along the x- and y-axes.

Figure 8b shows the plasmonic field enhancement factor
(Peupy ©q S4) for p, (dashed line) and Hy (solid line). Note that
the peaks of P, for this polarization happen at different
wavelengths. This is because that y, and p, excite longitudinal
(x-pol) and transverse plasmons (y-pol), respectively. Figure
8c shows the rate of FRET from the QDs to the mANT
(Terery €q S8) under these conditions. The results show a high
rate for the case of x-pol. Here, however, the important factor
is that the longitudinal mode occurs at longer wavelengths.
Since in our experiment, the CdSe/ZnS QD exciton energies
were close to the y-pol of the mANTS, in practice y, was not
promoted. The cases of y,, (dashed line) and y, offer similar
situations, although here the amount P_;, and I'gzgr are much
less (Figure 8d,e), particularly for the case of y-pol.
Considering these results, we can infer that the prominent
mechanism of LSPRs was the side coupling of the QDs with
the mANT along the y-axis. Such an excitation can be most
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Figure 8. (a) Schematic of projected dipole moments of QDs located
on the top (4, and /ty) and along the sides of a mANT (4, and ,uy)
(b, c) refer to the plasmonic field enhancement and the FRET rate
from QDs to mANT for the case of QDs along the side of the mANT
and (d, e) represent the case when the QDs were on the top of the
mANT.

effective in terms of hot-electron excitation and transfer across
the Schottky barrier. In fact, based on refs 48, 49, the hot-
electron transfer is influenced by the direction of the incident
polarization and becomes quite efficient when the mANT is
embedded in the semiconductor, allowing side ejection (Figure
8a). These features further highlight how FMOP can make
CdSe/ZnS QDs very optically active, acting as a source of
energy that can flow toward the PbS QDs.

5. CONCLUSIONS

We demonstrated the formation of an energy circuit wherein
energy was transferred from CdSe/ZnS to PbS QDs. The
driver of such an energy-transport process was a metal oxide
plasmonic metafilm consisting of a Au mANT array, a Si layer,
and an ultrathin layer of Al oxide. We showed in such a
structure that the coupling between LSPRs and SLRs brings
the excitations of heterojunction caused by these two types of
processed-based QDs close to each other. Coupling of the
photonic modes caused by the periodicity of the mANT arrays
in superstrate with the SLRs combined with the coupling of the
LSPRs with RA then allows routing of energy along such a
circuit.
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