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ABSTRACT

Plasmonic metal-oxide metastructures comprise arrays of Au nanoantennas embedded in Si layers, with a top ultrathin
layer of Al oxide, supporting an Au/Si Schottky junction in the vicinity of a Si/Al oxide charge barrier. In such structures the
hot electrons generated by nonradiative decay of plasmons can be captured by the Schottky junctions, forming an
electrostatic field via charge accumulation in the Si layers. When thin layers of semiconductor quantum dots are placed on top
of such structures, such a field suppresses their non-radiative decay rates, making them far more efficient emitters. We study
the impact of plasmon modes of the Au nanoantennas on the exciton-plasmon coupling enhancement supported by such a
material platform.

Keywords: Plasmons, Al oxide, excitons, exciton-plasmon coupling, hot electrons, arrays, metallic nanoantennas

1. INTRODUCTION

Enhancement of quantum efficiency of semiconductor quantum dot (QD) semiconductor is an important field of research
with significant impact. Such an enhancement process can make QDs more efficient emitters, greatly improving their
applications in optical devices, sensors, and even quantum computations [1,2]. The primary techniques include optimizing
the fabrication techniques of such nanocrystals, applying optical cavities, and utilizing plasmonic effects [3-8]. To use
plasmonic effects, one normally requires the application of near fields of metallic nanoantennas. While significant progress
has been reported, the limitation of such a technique is that it mostly deals with the enhancement of radiative decay of
QDs, which in turn reduces the contribution of their non-radiative decay, making them more efficient emitters [7,8]. Such a
technique has also been used for enhancement of emission and absorption of two-dimensional transition metal
dichalcogenide monolayers and graphene [9,10].

Recently, we presented a material platform that not only enhances the radiative decay of QDs but also suppresses their
non-radiative decay [11-14]. This platform, referred to as plasmonic metal-oxide metastructures (PMOM), is formed when
arrays of metallic nanoantennas are embedded on Si and topped up with an ultra-narrow layer of Al oxide (Fig. 1a). Such a
structure supports an Au/Si Schottky junction and a Si/Al oxide charge barrier in close vicinity of each other (Fig. 1b). The
main underlying physics behind such a structure is the application of the hot electrons, formed via the non-radiative decay
of plasmons, to create an electrostatic field that suppresses the non-radiative decay of QDs by prohibiting the migration
of their photo-excited electrons to the defect sites (Fig. 1b). This is achieved by using the Au/Si Schottky barrier to capture the
hot electrons and employing Si/Al oxide charge barriers to keep such electrons in the Si layer. In the presence of a QD thin
film on top of such PMOM (Fig. 1a), optical excitation creates excitons capable of exciting plasmons via exciton-plasmon
coupling. A prominent impact of this process is the enhancement of exciton-plasmon coupling, which is a crucial ingredient
for a variety of active optical devices [15]. In this contribution, we study the impact of plasmon modes of Au nanorods on the
exciton-plasmon coupling enhancement supported by such a material platform. Through the analysis of emission polarization
and lifetime measurements of the QDs, we demonstrate how the longitudinal and transverse plasmon modes of such
nanoantennas influence the exciton-plasmon coupling enhancement, offering quantum super-emitters with enhanced
emission via both Purcell effects and suppression of the defect environment with a strong sense of polarization.
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Figure 1. Schematics of fabrication processes and layer structures of a PMOP (a), and its electronic structure (b). (c) Experimental
setup used to investigate the exciton-plasmon coupling.

2. METHODOLOGY

Samples consisting of Au nanorod (NR) arrays were fabricated using E-beam lithography. Each NR had a length of 890 nm,
a width of 195 nm, and a thickness (height) of 40 nm (Fig. 2a). These NRs were formed on glass substrates and
embedded in 15 nm of Si. On top of the Si layer, 1 nm of Al was then sputtered. After air oxidation, this layer converted into
Al oxide, supporting a two-dimensional negative charge density (Fig. 1) [16,17]. Finally, a thin layer of CdSe/ZnS QDs
was spin-coated on top of the Al oxide layer (Fig. 1a). Reference samples with a similar arrays structures were also
fabricated but without the Al oxide layer. These reference samples are used to illustrate conventional plasmonic emission
enhancement in comparison to those offered by PMOM. Fig. 2b shows the extinction spectra of such NR arrays when the
incident light was linearly polarized along the x-axis (solid line) and the y-axis (dashed line). Along the x-axis (x-pol), the
spectrum mostly refers to longitudinal modes of the NRs, while for the y-axis (y-pol), the longitudinal modes are excited in
the range of about 600 nm. Additionally, the spectrum exhibits a sharp peak at about 750 nm, which is associated with the
surface lattice resonance (SLR) of the NR arrays [18,19].
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Figure 2. (a) SEM image of NR array. (b) Extinction spectra of the NR array when the incident light was polarized along
the x-axis (solid line) and the y-axis (dashed line).

To study the emission of the QDs and exciton-plasmon coupling, we utilized an optical setup shown in Fig. 1c. In this
setup, a laser field with a wavelength of 517 nm was focused on the arrays using a microscope objective. The emission of the
QDs was then collected by the same objective and directed towards a polarization analyzer and a collective lens, which further
directed the QD emission to a sensitive spectrometer. The angle of the axis of this analyzer (6p) was measured from the long
axis of the NRs (the x axis). This allowed us to study the impact of polarization on the emitted light from the QDs and exciton-
plasmon coupling effects. Additionally, we employed a Time Correlated Single Photon Counter (TCSPC) system to
measure the lifetime of the QDs.
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3. RESULTS

The emission results for the reference samples (Au/Si/QD and Si/QD) are presented in Fig. 3a. These findings demonstrate a
moderate enhancement in the emission of the quantum dots (QDs) through the near fields of the NR arrays. As depicted in
Fig. 4a, this enhancement in emission occurs concurrently with a reduction in the QDs' lifetimes. This outcome is in line with
previous studies [3-8]. The reduction in QDs' lifetimes can be attributed to the enhancement of their radiative decay rates.
As a result, the QDs become brighter, and the contribution of non-radiative decay is reduced. This phenomenon is
responsible for the observed increase in emission efficiency in the presence of the NR arrays, as seen in Fig.3a.
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Figure 3. Emission of QDs in the presence (solid lines) and absence (dashed lines) of NR arrays. In (a) the structure does not have
the Al oxide layer, while in the case of (b) the 1 nm Al oxide was deposited on the top of the Si layer.

The results obtained for the Si/Al oxide and Au/Si/Al oxide cases present a striking difference. As depicted in Fig. 3b, the
emission of QDs on Au/Si/Al oxide (solid line) is significantly higher compared to that on Au/Si (Fig3a, solid line).
Furthermore, when compared to the cases without NRs (Fig.3b, dashed line), the emission enhancement on Au/Si/Al oxide is
much more pronounced. These findings suggest that the plasmonic metal-oxide metastructures (PMOM) offer a far more
efficient enhancement for QD emission. A closer examination of the results in Fig. 4b indicates that this enhancement
process is associated with an elongation of the QDs, indicating that PMOM can effectively suppress the impact of defect

effects while simultaneously increasing the rate of radiative decays of QDs.
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Figure 4. (a) The decay of QDs on Si and Au/Si. (b) Decay of QDs on Si/Al oxide and on Au/Si/Al oxide.
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To study the exciton-plasmon coupling and its enhancement process, we investigated the degree of polarization of QD
emission using the setup shown in Fig. 1c. In this study, we measured the peak intensity of QD emission while varying the
angle of the polarization analyzer. The results presented in Fig. 5a show variations of the emission enhancement factor,
defined as the ratio of QD emission in the presence of PMOM to that on Si/Al oxide, as a function of 8p. When the axis of the
analyzer was along the x-axis, i.e., Op=0°, the emission enhancement was slightly above 16. However, the emission
enhancement factor increased to about 27 when the axis of the analyzer was aligned along the y-axis, i.e., 8p=90°. The
associated schematics depicting the exciton-plasmon couplings in these two cases are shown in Fig. 5b and 5Sc, respectively.
For the case of Op=0°, mostly longitudinal modes of the NRs can be excited. Since such modes are quite off-resonant from the
QD bandgap, only weak exciton-plasmon coupling is formed. For the case of 8p=90°, however, since QDs and
transverse modes of the NRs have similar wavelengths, the formation of excitons happens along strong coupling to
plasmons, leading to a very high enhancement factor. Note that the high emission enhancement factor seen in Fig.5a is also
associated with the presence of Si/Al oxide charge barrier, which tends to passivate QD via electrostatic field of surface
surfaces [6].
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Figure 5. (a) Variations of emission enhancement of QDs on Au/Si/Al oxide (PMOM). (b) and (c) Two cases associated with
exciton-plasmon coupling associated with longitudinal and transverse modes of the NRs.

4. CONCLUSIONS

We investigated exciton-plasmon coupling in the PMOM platform, demonstrating a significant polarization-dependent
enhancement of this process. Such enhancement occurred via field-effect passivation of the QDs combined with Purcell
effect, indicating the profound impact of the increased exciton lifetime on the efficiency of the exciton-plasmon coupling.
We studied the effects of the plasmon modes of the nanoantennas, demonstrating strong polarization dependency of QD
emission via selective coupling of excitons with such modes. The ability to control and tailor exciton-plasmon coupling
through such adjustments in the PMOM platform opens up unique possibilities for various applications. This process can
enhance the performance of active optical devices and sensors, as well as advance fundamental processes in controlling
light-matter interactions.
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