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Functional Metal-oxide Plasmonic Metastructures: Ultrabright Semiconductor
Quantum Dots with Polarized Spontaneous Emission and Suppressed Auger
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We use localized surface-plasmon resonances in metallic nanoantennas to suppress the defect environ-
ment of colloidal quantum dots and to enhance and polarize their spontaneous emission. For this we study
the interaction of such quantum dots with functional metal-oxide plasmonic metastructures consisting of
an Au/Si Schottky junction in close vicinity of a Si/Al oxide charge barrier. We show that optically excited
quantum dots can couple with such metastructures via their electric dipole fields, offering super-plasmonic-
processes that include the impact of hot electron generation and fixed negative charges at the Si/Al oxide
junction. For metallic nanoantennas with small aspect ratios our results show that these metastructures can
reduce the defect-induced nonradiative decay rates of quantum dots such that their lifetime can become
significantly longer than those in the absence of such nanoantennas. For metallic nanoantennas with
larger aspect ratios these structures lead to ultrahigh enhancement of exciton-plasmon coupling, making
the spontaneous emission of quantum dots strongly polarized while increasing their emission intensities
by about 50 times. These results show by keeping excitons in the cores of quantum dots, the metas-
tructures suppress migration of photoexcited electrons to surface defects and, therefore, reduce Auger
recombination. Coherent dynamics associated with the quantum-dot-induced exciton-plasmon coupling is

theoretically investigated.
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I. INTRODUCTION

Colloidal semiconductor quantum dots (QDs) hold the
promise of many scientific and technological applications,
ranging from chemical or biological sensors to photode-
tectors, molecular photonic nanowires, gain compensator
for plasmonic metamaterials, single-photon sources, and
photovoltaic systems [1-5]. One of the major obstacles
that significantly hinders implementation of these appli-
cations is the presence of surface trap sites or the defect
environment (DE) [3]. It is well known that fast migration
of photoexcited electrons from QD cores to these sites via
thermal effects [Fig. 1(a), T] or Auger processes [Fig. 1(a),
1 — 2 process], lead to many undesirable effects [3,6].
These include reduction of quantum yields of QDs, heat
generation, fluorescence blinking, quantum decoherence,
etc.

Another major issue that QDs are facing is their long
radiative lifetimes, which is typically in the range of tens
of ns. A prime impact of this feature is the fact that it can
make the adverse effects of the DE even more dramatic.
Basically, in typical QDs the radiative recombination
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decay needs to compete with the ultrafast nonradiative
processes caused by the DEs. Therefore, the spontaneous
emission rate can be easily overwhelmed by the nonra-
diative decay rates. In this regard, in addition to struc-
tural optimization of the QDs [7,8], the ongoing research
heavily relies on application of microcavities, plasmonic
nanocavities, and metallic nanoantennas (mANTSs) [9—-17].
These techniques are mostly based on enhancement of
the electric field experienced by the QDs. This process
increases the rates of their spontaneous emission (Purcell
effect), allowing them to compete better with the nonradia-
tive decay processes [18—20]. In such techniques, which
are referred to in the following as “normal” plasmonic, the
inherent issues associated with the surface defects remain
unresolved.

One of the main objectives of this paper is to show that
localized surface-plasmon resonances (LSPRs) associated
with mANTSs can be used to not only enhance spontaneous
emission rates of QDs, but also to suppress their DEs,
including Auger recombination. For this we investigate an
alternative material platform that combines the effects of
Schottky junctions and Si/Al oxide surface charge barriers
with LSPRs, offering super-plasmonic-processes that can
present strong Purcell effect while quarantining excitons
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FIG. 1. (a) Schematic illustration of the migration of a pho-

toexcited electron from QD cores to the surface defects (DE)
via thermal processes (T) and Auger recombination (1 — 2).
(b) Polarized emission of QDs combined with suppression of
the defect environment via a functional metal-oxide plasmonic
metastructure. (c) Energy diagram associated with junctions
between mANT/Si/Al oxide/QDs along the horizontal blue arrow
highlighted in the dashed square region in (b). The hyphens in the
Al oxide layer represent the fixed negative charges at the Si/Al
oxide junction.

against the surface defects. The structures studied in this
paper, called functional metal-oxide plasmonic metastruc-
tures (FMOP), consist of arrays of gold (Au) mANTSs
embedded in a Si layer and capped with an ultrathin layer
of Al oxide [Fig. 1(b)]. The structural design of FMOP is
such that the incident light only excites the QDs placed
close to the Al oxide layer. The dipole fields of such QDs
then interact with the mANTSs, generating LSPRs. The
plasmon fields associated with such LSPRs then interact
with the same QDs, setting up exciton-plasmon coupling.
We show that in the presence of the Si/Al oxide junc-
tion and the Schottky barrier formed at the Au/Si interface
[Fig. 1(c)], plasmonic effects can inhibit migration of pho-
toexcited electrons to the surface defect sites [Fig. 1(b)]
while Purcell effect enhances the spontaneous emission
rate of the QDs. We discuss how these are associated with

the fixed negative surface charges formed at the Si/Al junc-
tion [21], and hot electron transfer across the Schottky
barrier at the Au/Si interface [22—24].

The results of this paper highlight the impact of aspect
ratios of the mANTSs, demonstrating that when these ratios
are small FMOP can support strong lifetime elongation,
indicating efficient quarantine of excitons against DEs. We
demonstrate that the extent of this process is such that the
lifetimes of the QDs can even become longer than those in
the absence of mANTSs. This shows the prime impact of hot
electrons in the field passivation of DEs when such mANTSs
are involved. Our results show that when the mANTSs have
large aspect ratios, the distinct polarization dependencies
of LSPRs allows FMOP to support significant enhance-
ment of QD-induced exciton-plasmon coupling. This leads
to alignment of electric dipole moments of QDs along
certain directions [Fig. 1(b)], allowing their spontaneous
emission to become strongly polarized while their inten-
sities are increased by about 50 times. We theoretically
study coherent and incoherent dynamics caused by such
a QD-induced exciton-plasmon coupling, discussing the
impact of its phase. The results of this paper offer novel
enabling processes that not only can improve current appli-
cations of QDs, but also can form the key ingredients of
many other applications, ranging from quantum devices
and computations, sensors, optical, and opto-electronics
devices [25-30].

Note that this paper is related to our recent reports,
demonstrating the impact of metal-oxide plasmonic
metafilms on emission QDs [31,32]. In these reports, thin
films of Au combined with Si/Al oxide charge barriers
were used to suppress the impact of the DEs of QDs [31].
Because of the lack of strong LSPRs in the case of Au
thin films, the metafilms did not support strong exciton-
plasmon coupling and DE suppression. In this paper these
issues are addressed using LSPRs in mANTs.

II. METHODOLOGY

The FMOP structures studied in this paper are based on
three processes. The first is generation of hot electrons and
their transfer across the Schottky barrier to the Si layer in
an Au/Si junction [24,33-35]. The second process is for-
mation of fixed negative surface charges at Si/Al oxide
junctions [36,37]. As a result, such junctions can lead to
field passivation of QDs by suppressing transfer of their
photoejected electrons to the defects sites [38—40]. The
third process is excitation of LSPRs via the dipole fields
of the QDs. Such QD-induced plasmons can generate a
strong field back in the QDs, setting up exciton-plasmon
coupling [41-43].

Considering these features, we fabricate two types of
Au mANT arrays onto micro cover glass substrates using
e-beam lithography. In array A each mANT has a width
of approximately 130 nm and a length of approximately
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220 nm, and is separated from each other by 500 nm
[Fig. 2(a)]. In array B, the lengths of mANTSs are 890
nm and their widths 190 nm. The lattice constants of this
array along the x axis is 1000 nm and along the y axis
is 500 nm [Fig. 3(b) inset]. In both arrays the heights
(thickness) of mANTs are 40 nm. A 15-nm layer of Si
is then sputtered on the top of these arrays [Fig. 1(b)].
The thickness of the Si layer is optimized to support
“normal” plasmonic emission enhancement, i.e., enhance-
ment of emission combined with lifetime suppression. This
layer has a large number of defect sites but it can also
support a band gap [44]. After this, an Al oxide layer
with a nominal thickness of approximately 1 nm is sput-
tered on the top of the Si layer [Fig. 1(b)]. As shown
in Ref. [32], such a thickness allows formation of Al
oxide grains with optimized sizes that can lead to effi-
cient FMOP. We also fabricate reference samples wherein
the Si layer is replaced with a SiO, layer or the Al oxide
layer is not present. The samples are completed after a
solution of QDs in toluene is spin coated on the top of
them, in contact with the Al oxide layer. The thickness of
the QD films are estimated to be about 50 nm. The QDs
are excited with Ar lasers with 514-nm wavelength. The
emission of the QDs is collected by a set of optics and
is directed towards a spectrometer. The QDs are acquired
from NN-Labs, LLC. They are CdSe/ZnS nanocrystals
coated with octadecylamine ligands with emission at 640
nm. To measure the decay of QDs we use a time-correlated
single-photon counting (TCSPC) system (Picoquant Pico-
Timeharp 260) combined with a 30-ps pulsed laser with
450-nm wavelength.

Figure 2(b) shows the AFM image of sample A after
deposition of the 15 nm of Si. Compared to the top-view
SEM image of this sample taken before the deposition
[Fig. 2(a)], the outcomes show how the mANTSs are coated
with Si. This can be seen better in Fig. 2(c) where we
show the surface profile along the arrow in Fig. 2(b). Based
on these images we infer that the lengths and widths of
the Si-coated mANTSs, measured 20 nm from the top, are
280 and 206 nm. These results show that the Si layer
covers the mANTSs but the spacings between the mANTSs
remain widely open. Considering these, we believe an
effective interaction between QDs with the mANTSs hap-
pens as schematically shown in Fig. 1(b). This figure
shows the projection of the QDs’ dipoles along the y axis.
These dipoles are formed after formation of excitons. As
discussed in the following, the configuration shown in
Fig. 1(b) plays a crucial role in the generation of hot elec-
trons that is responsible for suppression of DEs of the QDs.
A similar situation as that in Fig. 2(b) is also observed for
array B. Figure 3(b) inset shows the top-view SEM image
of this sample before the Si layer is added.

Figure 3 shows the extinction spectra of arrays A (a)
and B (b) after deposition of the Si layer when the inci-
dent light was normal to the planes of the arrays and its
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FIG. 2. (a) SEM image of array A containing mANTs with
L =200 nm and W = 135 nm, (b) its AFM image profile after
deposition of 15 nm of Si, and (c) variation of height along the
arrow shown in (b). The color-coded bar in (b) shows the range
of height from 0 to 33 nm. The scale bar in (a) is 200 nm.

polarization is either along the y or x axis [Fig. 3(b) inset].
Along the x axis, the spectrum of array A shows two LSPR
responses of the mANTs (dashed line), one at approxi-
mately 600 nm (peak 4) and the other at approximately
1062 nm (peak B). Along the y axis (solid line) we can
see a LSPR peak at about 612 nm (peak C) and a sharp
peak associated with the surface lattice resonance (SLR)
of the mANT array at about 796 nm (peak D). This mode
is formed by the hybridization of LSPRs in the superstrate
with Rayleigh anomaly [45—48]. The QD emission occurs
around the LSPR (dashed arrow) at approximately 640 nm
and is not affected by the SLR.

The extinction spectra of array B are shown in Fig. 3(b).
Along the y axis (solid line) we see two main features, one
at about 620 nm (peak L) and the other at 760 nm (peak M).
The latter is associated with SLR, as the case of peak D in
array A. The reason that the wavelengths of peaks M and D
are close to each other is related to the fact that both arrays
have the same lattice constants along the y axis (500 nm).
The small difference in the wavelengths of these two peaks
(approximately 36 nm) is due to dependency of SLR on
the specifications of mANTS, including detuning of their
LSPRs (peaks L and C) from Rayleigh anomaly. Along the
x axis, however, since the lengths of mANTS in array B are
rather long, its extinction mostly refers to the multipolar
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FIG. 3. Extinction spectra of arrays A (a) and B (b) coated with

15 nm of Si. The vertical solid and dashed arrows locate the
wavelengths of the laser (514 nm) and QD peak emission (640
nm), respectively. The solid and dashed lines in (a) and (b) refer
to the cases when the incident light is polarized along the y and x
axes (legends). The inset in (b) shows the top-view SEM image
of array B before adding Si.

nature of the longitudinal LSPRs [49—51]. This includes
the peak seen at about 1045 nm, which based on Ref. [51],
can be due to third multipole resonance. Note that in both
cases the dashed and solid line arrows refer to the wave-
lengths of the emission of QDs and excitation laser (514
nm), respectively. Additionally, the spectral overlap for x
and y axes for wavelength longer than 850 nm in Fig. 3(b)
is caused by the polarizer cutoff.

III. MATERIAL ENVIRONMENT FOR
SUPPRESSION OF THE DEFECT ENVIRONMENT

We start our investigation by considering the emission
intensity and dynamics of QDs in the presence of array
A but in the absence of Al oxide junction (mMANT/Si sys-
tem). Under this condition, the Si/Al oxide junction does
not exist and “normal” plasmonics should occur. As shown
in Fig. 4(a), under these conditions the emission intensity
of the QDs on mANT/Si (dashed line) is about 2.4 times
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FIG. 4. Emission of QDs on Au/Si and Si (a), Au/Si/Al oxide
and Si/Al oxide (b) and Au/SiO,/Al oxide and SiO,/Al oxide
(c). (@')Ac’) refer to their corresponding decay in logarithmic
scale, wherein lines 1 and 2 present the cases in the absence
and presence of Au mANTSs (nor. count/s refers to the normal-
ized count per second). In (a)(c) solid lines refer to the emission
in the absence of mANTs and the dashed line to those in the
presence of the mANTS.

larger than those on Si, i.e., in the absence of mANTS (solid
line). Figure 4(a") shows the decay of emission of the QDs
for these two cases in logarithmic scale. The results show
that QDs on mANT/Si (line 2) decay faster than those in
the absence of the mANTSs (line 1). This illustrates typical
emission enhancement under “normal” plasmonics, which
happens with the increase of QD decay rate [15,52,53].
The emission enhancement here is the result of the bal-
ance between reduction of spontaneous lifetime of QDs via
plasmonic field enhancement (Purcell effect) and energy
transfer from QDs to mANTS, which acts as a nonradiative
decay channel.

To investigate this further, note that the recombination
dynamics of the QDs seen in Fig. 4 follow a biexponential
distribution [20,54—-58]

1(H) = Are™7 + Ae™/™. (1)

Here Ay and 7y refer to the amplitude and decay time
of the fast process and A4, and 7, to those of the slow
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process. Such a distribution is related to fact that the
surfaces of colloidal QDs play important roles in the carrier
relaxation and recombination processes [59]. Therefore,
electron dynamics is controlled by the surface specifica-
tions, compared to surface-independent hole relaxation. In
general, the fast process is associated with trap and defect
sites while the slow process is related to the interband
intrinsic decay of the QDs [60].

Our fits to the decay seen in Fig. 4(a’) suggest that in the
absence of mANTs, i.e., in the Si/QD system, 7y ~ 2.05
ns and t; ~ 8.6 ns. The ratio of fast to slow amplitudes
(Ar /A) is about 1.52, suggesting that the fast process
is more dominant. The results of fitting for the case of
mANT/Si/QD suggest 7, ~ 1.23 ns and 7y ~ 7.14 ns, indi-
cating about approximately 40% and approximately 17%
reduction, respectively. Ay /4,, however, increases slightly
reaching approximately 1.6. These are consistent with the
previous reports that showed when QDs are in the vicin-
ity of mANTs, the relative amplitudes of their fast decay
increase while 7 becomes shorter via energy transfer
to mANTSs [53]. Reduction of the 7, is due to enhance-
ment of radiative decay rates of QDs via plasmonic field
enhancement (Purcell effect) [9,52,56].

Emission of QDs on FMOP, however, offers a dramat-
ically different picture. To see this we consider a similar
structure as that used for Fig. 4(a), but before the QDs are
dispersed, 1 nm of Al oxide is deposited on the top of the
Si layer [Fig. 1(b)]. Figure 4(b) indicates that, compared
to the case of QDs on Si/Al oxide [Fig. 4(a)], the emis-
sion intensity of the QDs on FMOP increases by about 8.2
times, offering an emission enhancement factor far more
than that seen in the absence of Al oxide. But more sur-
prising is the impact of Al oxide on the emission dynamics
of the QDs. As Fig. 4(b") shows in logarithmic scale, the
decay rate of QDs in the absence of mANTs (line 1) is now
much larger than those in the presence of mANTs (line
2). In other words, in contrast to the common understand-
ing, in the presence of Si/Al oxide, introduction of mANTSs
(formation of FMOP) not only makes the QDs much more
efficient emitters, but also increases their lifetimes.

To see this better, we carry out biexponential fittings to
the results shown in Fig. 4(b’). In the absence of mANTs,
ie., in the Si/Al oxide system, we found 7, ~ 2.27 ns,
7, ~ 18.5 ns, and Ay /A, ~ 6, indicating the dominance of
the fast process. In the case of the mANT/Si/Al oxide sys-
tem (FMOP), however, 7 and 7, become 3.33 and 16.4
ns, respectively. This suggests the lifetime of the fast pro-
cess is in fact increased while the slow process becomes
more efficient. The latter is an indication of Purcell effect,
which happens similarly in the case of “normal” plasmon-
ics [Fig. 4(a)]. Increase of 7, by about 30%, however,
is a crucial feature that highlights the unique impact of
FMOP on the dynamics of excitons. This process occurs
along the striking results that show A, /A is reduced from
6 to about 1. Combination of these processes suggests that

introduction of mANTS leads to significant reduction in the
number of traps and defect sites available to excitons in
QDs.

IV. ULTRAHIGH ENHANCEMENT OF
EXCITON-PLASMON COUPLING

The results presented in the preceding section showed
that FMOP with array A can support strong enhancement
of emission of QDs and significant elongation of their life-
times. Despite this, our polarization analysis indicated that
the emission of such QDs was mostly unpolarized (not
shown). This can be associated with the aspect ratios of the
mANTS, which in the case of array A, were not large. One
expects by varying the sizes and shapes of the mANTS this
changes significantly [41,42]. To see this and, in particular,
strong enhancement of exciton-plasmon coupling, in this
section we consider a similar FMOP design as that in the
preceding section, but use array B. As shown in Fig. 3(b),
at the wavelength of the QD emission (dashed arrow), this
array exhibits a strong polarization-dependent extinction.
As a result, the QD-induced exciton-plasmon coupling
should also become polarization dependent. Figure 3(b)
suggests that for the case of array B such a coupling should
be stronger along the y axis. Therefore, the projection of
the QDs’ electric dipoles along the y axis should more
efficiently excite plasmons and induce exciton-plasmon
coupling [Fig. 1(b)] than those along the x axis. This, in
turn, polarizes spontaneous emission of the QDs, which in
the absence of mANTs is nearly perfectly unpolarized.

To study the emission enhancement for different states
of polarization of the QDs, we put a polarization analyzer
before the collective lens of the spectrometer. We collect
the emission of QDs as the angle of the axis of the ana-
lyzer (@) is changed from 0° to 180°. For 6 = 0° this axis
is along the x axis and for & = 90° it is along y axis, i.e.,
long and short axes of the mANTSs [Fig. 3(b) inset]. Fig-
ures 5(a) and 5(b) show the results of measurements for
the emission enhancement factors for the cases of Au/Si/Al
oxide (Epmop) and Au/Si (§pom). Ermop refers to the ratio of
the emission of QDs in the presence of Au/Si/Al oxide to
that on Si/Al oxide. &,omm, on the other hand, is the ratio of
emission of QDs on Au/Si to that on Si. Here can see Epviop
becomes about 50 when 6 = 90°. For 6 = 0° or 180° the
value of &pmop 1S approximately 26 [Fig. 5(a)]. In the
absence of Al oxide [Fig. 5(b)], however, &0, 1S about 5.5
for 6 = 0° and 7 for 8 = 90°, suggesting a much weaker
polarization dependency. The results in the case of Au/Si
[Fig. 5(b)] suggest QD-induced exciton-plasmon coupling
as expected from “normal” plasmonics [43]. In the case
of Au/Si/Al oxide [Fig. 5(a)], however, such a process
is significantly more pronounced. This indicates enhance-
ment of exciton-plasmon coupling via FMOP. Note that
as shown in the inset of Fig. 5(a), the ultrahigh enhance-
ment of exciton-plasmon coupling occurs in the presence
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FIG. 5. Variation of emission enhancement factors of QDs on

Au/Si/Al oxide (a) and on Au/Si (b). Insets show the decay rates
associated with these cases and for the cases of QDs on Si/Al
oxide (a) and Si (b). The schematics at & = 0° and 90° show
the prominent directions of the QD dipoles with respect to the
mANTs.

of lifetime elongation of QDs, although to a lesser degree
compared to what happened in the case of Fig. 4(b’). In the
case of Au/Si, we see normal plasmonics [Fig. 5(b) inset].
The schematics seen at & = 0° and 90° in Fig. 5 show the
effective projection of the QD dipoles with respect to the
mANTSs for these angles.

To investigate this further in Fig. 6 we show the polar
plots of the emission enhancement factors of QDs on glass,
Au/Si/Al oxide (&pmop), and Au/Si (&,0rm) as a function
of 6. Here we also consider the impact of the polarization
of the excitation laser beam. In Fig. 6(b) we consider this
laser is polarized along the y axis (y-pol excitation) and
in Fig. 6(c) this laser is polarized along the x axis (x-pol
excitation), as in the case of Fig. 5. The results in Fig. 6(a)
basically highlight that the emission of QDs on glass is
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FIG. 6. Polar plots of emission enhancement factors (§) of QDs
on glass (a), and on Au/Si/Al oxide (&pmop) and Au/Si (§norm)
when the incident laser beam is polarized along the y pol (b) and
along x pol (c) as a function of 6.

unpolarized. In the case of the y-pol excitation, the emis-
sion enhancement reaches about 28 when 6 = 90° and 18
when 6 = 0° [Fig. 6(b)]. Variations of enhancement factor
with 6 and its values for the case of Au/Si (§,0m) are much
smaller.

For the case of the x-pol excitation [Fig. 6(c)], however,
we observe the amount of emission enhancement increases
drastically, reaching about 50 for 6 = 90° and 25 for 6 =
0°. In this paper, however, as mentioned before, plasmons
are mostly excited by the QDs, not direct excitation with
the laser field. In fact, as can be seen in Fig. 3(b), array
B shows very small but similar extinctions for the x pol
and y pol around the laser wavelength (514 nm). Consid-
ering these, we associate the difference between the x-pol
and y-pol excitations in Figs. 6(b) and 6(c) to the difference
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between the optical modes supported by this array for such
excitation schemes. In fact, for a typical length of mANTSs
as in array B, for x pol the optical modes can be concen-
trated more on the top of the array[61]. This enhances the
optical excitation of the QDs, leading to higher emission
enhancement.

V. KEEPING EXCITONS IN THE QUANTUM-DOT
CORES USING LSPRS

The results shown in the preceding sections highlight the
crucial impact of the Si/Al oxide junction on the dynam-
ics of QDs and, in particular, increase of their lifetime. To
highlight the effects of such a junction further, we replaced
the Si layer with a SiO; layer with the same thickness (15
nm) while keeping mANT arrays very similar to those used
in Figs. 4(b) and 4(b'), forming a mANT/SiO, /Al oxide
structure. In other words, we replaced Si/Al oxide charge
barrier with a SiO,/Al oxide junction. The results seen in
Fig. 4(c) indicate that the amount of emission enhancement
becomes very modest (2.1 times), similar to that seen in
Fig. 4(a). This happens, as the dynamics of the QD emis-
sion also become normal, i.e., QDs decay faster on mANTS
than in their absence, as seen in Fig. 4(c) (lines 1 and 2,
respectively). Fitting the data presented in Fig. 4(c’) also
shows that in the absence of mANTs 7, ~ 2.66 ns, 7, ~
11.1 ns, and 4y /A, = 2.24. In the presence of mANTSs
we obtained 7 ~ 2.36 ns, 7, ~ 9.52 ns, and A4y /A, ~ 3.
These results show a similar trend as those seen in the
case of mANTY/Si [Fig. 4(a’)], highlighting the unique role
played by the Si/Al oxide junctions in the dynamics of QDs
in the presence of FMOP [Fig. 4(b')].

The results presented in Fig. 4 show that the Si/Al
oxide junction plays a key role in the lifetime elonga-
tion combined with Purcell effects. This issue and the
impact of structural parameters of such a junction have
been discussed by us in Refs. [31,32]. A distinct differ-
ence between the results in this paper and those obtained
in these references, is the fact that here we are dealing
with mANT arrays, rather than thin Au films with rough
surfaces. As shown in Fig. 3 these arrays support strong
polarization-dependent LSPRs. Inspection of this figure
shows that around the wavelength of the excitation laser
(514 nm) the mANT arrays are nearly transparent. There-
fore, this laser predominantly excites QDs off resonantly.
As schematically shown in Fig. 7(a), following their fast
relaxation, the photoexcited electrons and holes form near-
band edge excitons. The dipole fields of such excitons then
excite plasmons, forming QD-induced exciton-plasmon
coupling [42,43].

Considering this, to discuss the results presented in this
paper let us start with “normal” plasmonic, i.e., no Si/Al
oxide charge barrier. In this case, as schematically shown
in Fig. 7(b), the photoexcited electrons in QDs can migrate
to the defect sites at the surface of the QDs and inside the

@
E\ —
X/
o laser
excitation
A\_
Qb
(b)

_ surface
defects

MANT
neutralization path

(c)
exciton-plasmon coupling

-

MANT

Al ox

FIG. 7. Schematics of the off-resonant optical excitation of
QDs and electron or hole relaxation (a) and energy band dia-
grams and hot electron transfer in Au/Si/QD (b) and Au/Si/Al
oxide/QD systems (c). In (a) the green vertical arrow repre-
sents the off-resonant excitation of the QDs. HE refers to the hot
electrons.

amorphous Si layer. At the same time, LSPRs can decay
delivering their energies to electrons in the mANTSs, form-
ing hot electrons (HE) [23,62]. In the absence of the Si/Al
oxide charge barrier, the neutralization path of the QDs
are open, allowing hot electrons (HE) in the Si layer to
reach the QDs. In addition to these, such a system supports
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an energy transfer channel from the QDs to mANTs via
Forster resonance energy transfer (FRET). This mecha-
nism is not involved with exchange of electrons or holes.
To avoid complication in the illustration, this mechanism
is not highlighted in Fig. 7(b). Additionally, note that plas-
monic effects under these conditions do not influence the
rates of the photoexcited electrons’ transfer from QDs to
the Si layer or DE.

Adding the Si/Al oxide charger barrier (FMOP) changes
this picture significantly. The mechanisms behind the
results of FMOP can include (i) exciton-plasmon coupling,
and (ii) field-effect passivation of the DEs of QDs via Al
oxide charge barrier and electrostatic charging of the Si
layer by hot electrons [Fig. 7(c)]. The key effects of the
Si/Al oxide charge barrier are blocking the neutralization
path and formation of an electrostatic field that pushes the
photoexcited electrons back to the QDs, i.e., keep them in
their cores. On the other hand, the geometrical specifica-
tions of mANTs of our samples, array A in particular, can
support an efficient transfer of hot electrons from mANTS
to the Si layer. This can be related to the recent stud-
ies that showed hot electrons are more efficiently excited
along the same direction at the polarization of the incident
light [23,62], and when mANTs are embedded in a semi-
conductor [63]. In the structures considered in this paper
the mANTs are embedded in Si [Fig. 2(b)] and LSPRs
are excited by the QD dipoles. Therefore, we expect effi-
cient transfer of hot electrons along the direction of dipole
moments of QDs from mANTSs to the Si layer across the
Schottky barrier. In the presence of the Si/Al oxide charge
barrier since the neutralization path is blocked, hot elec-
trons have a higher chance to accumulate in the Si layer.
This forms an electrostatic field similar to that of the Si/Al
oxide charge barrier, leading to a stronger confinement of
the photoexcited electrons in the QDs’ cores.

The hot electron generation in the case of array A can be
more efficient than array B. This is because of the fact that,
since the aspect ratio of mANTs in array A is not large, the
QD dipoles can excite mANTs along both x and y axes.
This explains why the lifetime elongation in the case of
this array is more efficient than array B. A good indicator
of efficient field passivation for the case of this array can
be seen in Fig. 4(b’), wherein the results show that when
mANTSs were introduced to Si/Al oxide, 4y /A4, is reduced
from approximately 6 to approximately 1. For the case of
array B when the QD dipoles are along the y axis the cou-
pling between the excitons and plasmons is stronger. In
fact, comparison between the results in Figs. 5(a) and 5(b)
shows that this process (or exciton-plasmon coupling) sig-
nificantly enhances because of the contribution of the hot
electrons and Si/Al oxide charge barrier.

Note that Auger processes can become significant when
the QDs become charged. As depicted in Fig. 1(a) (pro-
cesses 1 to 2), this can happen when photoexcited electrons
(or holes) of QDs migrate to the DE [3]. Considering this,

(@) (b)

________________________________

1/Terr

1/z,

FIG. 8. Schematics of the single QD-mANT system (a) and its
electronic transitions (b) used in the theoretical model. Here R
refers to the center-to-center distance between the QD and the
mANT. p highlights the prime purpose the laser field to excite
the dipole moments of the QD.

suppression of DE and electron migration to the surface
defects, as discussed above, can lead to a smaller chance
of Auger recombination. This can, at least, partially be
responsible for the large enhancement of emission of QDs
in Au/Si/Al oxide systems seen in Figs. 4(b) and 5(a).

VI. COHERENT DYNAMICS OF QD-INDUCED
EXCITON-PLASMON COUPLING

As highlighted in the preceding section the plasmons
discussed in this paper are not generated directly by the
laser field, but rather via the dipole fields of the QDs.
The off-resonant excitation of QDs [Fig. 7(a)] can lead,
in general, to excitons with random phases and electric
dipole moment directions. Figure 5(a), however, suggests
that a large number of these dipoles are engaged efficiently
with the transverse modes of mANTSs, highlighting their
preference for being aligned along the y axis. Since the
QD-induced plasmons can be in phase with the excitons
that drive them, an interesting question is the degree of
quantum-coherence effects in our QD-mANT systems. To
discuss this issue and the QD-induced exciton-plasmon
coupling, in this section we present a model that can
provide some insight into the coherent and incoherent
dynamics in such systems. This model includes a system,
a Au mANT, and a QD with a center-to-center distance of
R [Fig. 8(a)]. We consider the mANT is embedded in a
material (matrix) with the dielectric constant &g, = 11.56
(as Si) and the environment of the QD has a dielectric con-
stant of g9, = 1 (air). The dielectric constants of the QD
and mANT are represented by &, and ¢, (w), respectively.
Here ¢,, (w) = €13 (w) + &p (w), which is a combination of
the contribution of d electrons [¢3 (w)] and s electrons
[ep (w)]. We also approximate the mANT with a prolate
spheroid with diameters of a; and b; [Fig. 8(a)].

Here we are mostly interested in two cases wherein the
QD dipoles are either along the x or y axis. We consider
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the QD-mANT system interacts with a pulsed laser field
[E1 = E(()l)(t) cos(w1)] with a frequency (w;). This laser
is assumed to be resonant with the QD fundamental exci-
ton transition, which is referred to as the 1-2 transition
[Fig. 8(b)]. Therefore, it acts as a driver for generation of
QD dipoles with certain orientations. To make sure that
this is consistent with the experimental condition wherein
QDs were off-resonantly excited, we assume the intensity
of this laser to be so small that it supports very small Rabi
frequency, much smaller than the depolarization rate of the
excitons. A key feature of our model, however, is that this
laser does not excite plasmons directly, rather they are gen-
erated by the QD dipoles [Fig. 8(b)]. Considering these
conditions, the total field experienced by the QD can be
written as follows [30,64]:

E, (1)
280q E0q

+ B2y asb? 112021 1
Eeffl RO

Eqp = (2)

Here the first term is the visible laser field and the
second term is the self-induced field caused by the
QD via the mANT (plasmons). In this equation &g =
(2e0g + &5) /3€04 and gy, is the dipole moment associated
with the 1-2 transition considered to be 0.65 ¢ x nm [64].
Additionally, = 2 when the laser field is polarized along
the y axis and —1 when it is polarized along the x axis
[Fig. 3(a)]. y in Eq. (2) is the polarization of the spheroid
given by

[em (@) — €om]

- . 3)
{380 + 3k [8m (a)) - 80m]}

v

Here « is the depolarization factor of the spheroid when the
incident electric field of the laser is polarized along a; [30].

p21 in Eq. (2) relates to quantum coherence in the QD.
To obtain this we need to solve the equation of motion for
the density matrix of the QD, p [65]:

dp

i
= He () p O+ [ Ll ()

Here [$p]aamp refers to the damping terms and H. (p)
is the Hamiltonian of the QD wherein “<>” refers to its
self-normalization process caused by its dependency on p.
H_ (p) is given as [60]:

Ho(p) =Y hwjo; + h[Q(p)on] +He,  (5)

j=12

where oj; = |i) {j |, hiw; represents the energy of |). 1, is
the normalized Rabi frequency of the QD, defined as

Q5 (p) = Y, + mro21- (6)

Here Q?z = ,ule(()l) /2hec is referring to the Rabi fre-
quency of the QD in the absence of the mANT and nnr =

B2y wi2asb? /7 heoyey R®. As mentioned above, compared
to the overall dephasing rate of the system, QY, is consid-
ered to be very small.

Considering these, the diagonal terms of the density-
matrix elements of the QD are found as [64,67]:

. |21
p11 = —2Im[QY,021] + 2 +T21p22 = Tupn, (7)
TFRT
. 0 |1021 |2
p2 = 2Im[Q),001] — 2 —T1p22, )
TFRT

and
21 = —[i{hA1, + Re[nr]8} + yilpa —iR9,8.  (9)

Here 1/tgrr = Im[nngr] is the rate of Forster resonant
energy transfer (FRET) from the QD to the mANT in the
absence of quantum coherence [68]. Also 6 = p;; — P22,
Ay = wy — w; where wy; is the frequency associated
with the 1-2 transition. We consider the wavelength of this
transition to be 625 nm (dotted-dashed line in Fig. 9) and
A =0.Ty =1/1,+ 1/7r in Egs. (7) and (8) refers to
the energy relaxation rate of the QD via radiative (slow
process) and DE (fast process). y; in Eq. (9) is the total
polarization dephasing rate of the QD given by

Iy
V= —+ Vinr + Vaop -

> (10)

Here ygrt = (1/7rr7)d is the normalized FRET rate con-
tributing to the dephasing of the QD and yé’éﬁe refers to

the pure depolarization rate of the excitons caused by their

150 p
(\‘ [’ ‘\v
I P
100+ /| .
N ] Py
E || | \
5 “ ‘\ | \
a \‘ ‘ /’ \‘
Ne] | h \
bm | J \\\
50f “/ \ ---x pol / \
I T 2 1| \
\/ \\\ // | )
07““~ »»»»»» S il L .
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FIG. 9. Absorption cross section of the Au spheroid when the

incident light is polarized along the y axis (solid line) and x
axis (dashed line). Here a; = 4 and b, = 8 nm and the spheroid
is imbedded in Si. The vertical dashed-dotted line refers to the
wavelength of the QD transition, i.e., the 1-2 transition in Fig. 8.
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elastic scattering with DE, phonons, etc. At room tem-
perature yj’;:e ~ 2 ps~![66]. "1y refer to the decay of the
ground state, which is considered to be zero.

To implement this model, we consider a Au spheroid
with a; = 4 and by = 8 nm. Figure 9 shows the absorption
cross section of such a spheroid when the incident light is
polarized along the y axis (solid line) and x axis (dashed
line). These peaks are similar to peaks C and B for array A
in Fig. 3(a). Here, however, we do not see any sign of peak
D, since our model only includes a single mANT.

We consider the pulsed laser field has a temporal width
of approximately 150 ps and its peak intensity is 20
kW/cm? (Fig. 10, inset). This leads to Q9, =25 ns™!,
which is significantly smaller than the pure dephasing time
of the QD (2 ps~!). This pulse interacts with the QD-
mANT system at 10 ns of the scale shown in Fig. 10. Not-
ing that the emission intensity of the QD can be obtained
using [(f) o« p»(t), we solved Eqgs. (7)+9) for slow and
fast processes described in Sec. III. The total intensity is
then obtained by considering

I(0) o< Ay phy () + A3, (1), (11)

wherein ,052 and p3, are solutions of Eq. (4) for the slow
and fast processes. Considering the energy relaxation rates
and amplitudes obtained for each process for Si/Al oxide
and Au/Si/Al oxide (FMOP) systems in Sec. 111, we study
the way emission of the QD, based on our model, is

» x10%
10°

=
2
%’ Tim1eo(ns) 1
5 .
e line 1
(o))
o)
—

—©—R =15y pol

107}
——no mMANT
10 15 20 25
Time (ns)

FIG. 10. Decay of normalized emission intensity of the QD in
logarithmic scale when R = 15 nm (line 2) and R = 1500 nm,
i.e., no mANT effect (line 1). The incident light is considered to
be polarized along the y axis and has the intensity and temporal
profile as shown in the inset.

changed with time. Figure 10 presents the results corre-
sponding to Si/Al oxide (line 1) and Au/Si/Al oxide (line
2) in logarithmic scale. For the latter, R is assumed to be
15 nm for the former R is considered to be so large such
that the impact of mANT can be ignored. These results
match fairly well with those in Fig. 4(b’). This is not unex-
pected, since after the incident laser pulse, the system can
be described well by a rate equation for p;;.

Note that the signatures of the QD-induced exciton-
plasmon coupling should happen during the temporal
width of the incident laser pulse (approximately 150 ps).
To see this in Fig. 11(a) we present the outcomes of the
model for p;; when R = 10 nm and the incident light is
polarized along the y axis (y pol). The results show that
during the pulse the real (solid line) and imaginary (dashed
line) parts of p;; are comparable. When the incident light
becomes polarized along the x axis (x pol), as Fig. 11(a’)
shows, the imaginary part increases while the real part is
suppressed significantly. Since p,; is an indicator of quan-
tum coherence, this suggests that how a single QD can
strongly drive the plasmons. For x pol, however, the value
of the imaginary part of p,; is just an indication of the
absorption of the QD.

An interesting feature regarding the QD-induced
exction-plasmon coupling is the way it influences energy
transfer from the QD to the mANT. A key observa-
tion in Eqs. (7)~9) is that depolarization rate of the QD

has become dependent on the exciton density via I'fRy

-3
(a) x10 (b) 650 — 7
WO@G@@%‘
o ‘l_/.\ ///
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s
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15 y po| 550 \// ———-slow
8 10 10 12 0 20 40
@ r (b) 3
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FIG. 11. Real (solid line) and imaginary (dashed line) part of

21 when the incident light is polarized along the y axis (a)
and x axis (2'). (b) and (b") show % (circles) and normalized
FRET rate (yggy) for both fast (solid line) and slow (dashed line)
processes.
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and rFLT associated with these distances.

[Eq. (10)]. To see this in Figs. 11(b) and 11(b) we show the
results for FRET rate (1/tprt) from QD to the mANT (cir-
cles) and ygRy during the fast (solid lines) and slow (dashed
lines) processes. Here since we considered R = 10 nm, for
y pol 1/terr is rather very large. For x pol, however, 1/t7
is very small [Fig. 11(b")]. This is expected because of the
wavelength of the plasmon peak for x pol is far from the
QD transition (Fig. 8). yfry, however, follows the trend
of population decay of the excitons. This rate reaches to
1/7grT When the value of § becomes very small.

To study how the strength of the QD-induced exciton-
plasmon coupling varies with R, in Fig. 12(a) we show the
results for p;; when R = 15 (as in the experiments) and
150 nm for y pol. The results show that for R = 15 nm
we can still see some signature of Re[p,;]. Under these
conditions the 1/tgrt is about 56 ns™! (circles) while o5
drops to about 42 ns~! in the presence of the laser pulse.
At R = 150 nm Re[p,;] becomes nearly zero [Fig. 12(a)],
while its Im[p,;] remains similar to that of R = 15 nm
(dashed lines). Figure 10(b) shows for R = 150 nm 1/tgrt
becomes insignificant (triangles).

VII. CONCLUSIONS

We investigate exciton-plasmon coupling and emission
enhancement of QDs in functional metal-oxide plasmonic
metastructures consisting of an array of gold mANTSs
embedded in Si and coated with an ultrathin layer of
Al oxide. Our results showed that such metastructures
can enhance emission of QDs well beyond what nor-
mal plamsonic effects can offer while elongating their
lifetimes. We demonstrate the prime impact of localized
surface-plasmon resonances in mANTS is making lifetime
elongation more efficient and enhancing exciton-plasmon
coupling. These results can underline the unique impact
of efficient hot electron transfer from mANTs to the Si
layer in the presence of Si/Al oxide charge barrier, lead-
ing to significant suppression of the defect environments
of the QDs. Such a process allows QDs to set up efficient
exciton-plasmon coupling, polarizing their spontaneous
emission.
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