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We investigate the shape and size effects of gold metallic nanoparticles on the enhancement of
exciton-plasmon coupling and emission of semiconductor quantum dots induced via the simultane-
ous impact of metal-oxide and plasmonic effects. This enhancement occurs when metallic nanopar-
ticle arrays are separated from the quantum dots by a layered thin film consisting of a high index
dielectric material (silicon) and aluminum oxide. Our results show that adding the aluminum oxide
layer can increase the degree of polarization of quantum dot emission induced by metallic nanorods
by nearly two times, when these nanorods have large aspect ratios. We show when the aspect ratio
of these nanorods is reduced to half, the aluminum oxide loses its impact, leading to no improve-
ment in the degree of polarization. These results suggest that a silicon/aluminum oxide layer can
significantly enhance exciton-plasmon coupling when quantum dots are in the vicinity of metallic
nanoantennas with high aspect ratios. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4931378]

I. INTRODUCTION

It is well known that metallic nanoparticles (MNPs)
have vast tunability in their plasmonic absorption spectrum
and electric field distribution that is dependent upon their
sizes and shapes."™ When a quantum dot (QD) is in close
proximity to a MNP or a rough metal surface, there can be
coupling between the metal plasmons and the QD exci-
tons.”® By changing the size and shape of the MNP in this
system, the effective field seen by the QD will also change,
resulting in different photoluminescence characteristics of
the QD. Various shapes of MNPs, such as spheres,'®™'? wires
and rods,13’14 and bow-ties,15 16 have been tested in conjunc-
tion with emitters or QDs and it has been shown that the
presence of the MNP alters fundamental properties of the
emitter, such as absorption of the emitter and energy decay
rates of the excitons to plasmon modes. In other words, the
coupling processes between the excitons and plasmons, as
well as other fundamental parameters, can be modified based
on the MNP shape. The modification of the decay rate and
photoluminescence is distance dependent'”'® as well as
shape dependent. Furthermore, it has been shown that the
size of MNPs can also affect the fluorescence rate of a single
molecule emitter'> and plasmonic enhancement of the
energy transfer between QDs. 19

The emission of a QD can also be enhanced due to a
nearby MNP, even when the exciting optical field does not
excite the MNP plasmons directly. Under this condition, the
emission enhancement can be due to exciton-plasmon cou-
pling, making the emission of the QD in the MNP-QD sys-
tem partially polarized.®**?' This type of coupling allows
the QD’s dipole to excite plasmons in the MNP and, in turn,
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the plasmon field enhances emission of the QD. Because of
this coupling, the QD emission inherits the polarization of
the MNP near field.

In a previous report, we showed that a silicon (Si) layer
covered with an ultrathin layer of aluminum (Al) oxide,
when fabricated between arrays of gold nanorods (NRs) and
an ensemble of QDs, is extremely conducive to efficient QD
emission in the system.?” The report demonstrated that the Si
layer, by itself, could only lead to a relatively small increase
(2-3 times) in QD emission via plasmonic effects when the
NRs were present. The combination of the Si layer with the
ultrathin Al oxide layer on top, however, led to more than 18
times enhancement of QD emission, well beyond the normal
plasmonic enhancement seen in the case when only the Si
layer was present. The emission from the NR-QD systems
with Si/Al oxide also exhibited a stronger polarization de-
pendency than systems with just Si, which suggested that the
Si/Al oxide interface provided more efficient coupling
between the QD excitons and the NR plasmons. In these
cases, the Al oxide passivated the amorphous Si layer by
reducing defect sites, and also prevented the QDs from los-
ing electrons to the Si layer by electrostatic shielding via its
large and negative fixed potential.>*** These properties of Al
oxide, combined with the high-index advantages of Si,
seemed to be major factors in the significant enhancement of
the QDs in NR-QD systems. Further studies on this topic are
required to understand how one can use the unique properties
of the Si/Al oxide interface to significantly enhance exciton-
plasmon coupling in such systems. This understanding can
be beneficial, in particular, for applications wherein the
exciton-plasmon coupling is used for sensors, switches, and
investigation of various quantum-coherent properties of
MNP-QD systems.zs*32
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In this paper, we aim to discover the impact of the size
and shape of MNPs on the enhancement of the exciton-
plasmon coupling caused by plasmonic effects in a Si/Al
oxide environment. We demonstrate that in such an environ-
ment, the greatest enhancement happens when the MNPs are
NRs or nanoantennas with large aspect ratio and strong
transverse modes with frequencies similar to that of the QD
emission. The emission enhancement factor of these large as-
pect ratio NRs was found to reach about 20 times. More
importantly, we show that for these NRs, there is a much
stronger polarization dependency of QD emission (about two
times) when the Si/Al oxide interface is present compared to
case when just Si is used. This suggests that the enhancement
of the degree of polarization induced by the unique Si/Al ox-
ide interface is mostly via augmentation of the contribution
of the exciton-plasmon interaction. Using time-resolved
measurement, we showed this can be the result of elongation
of the QD lifetime by the interface, despite the possibility of
energy transfer from the QDs to the NRs. These results are
imperative to the study of optimized exciton-plasmon cou-
pling in hybrid MNP-QD systems, wherein the observations
made in this paper allow fabrication of efficient systems that
can be used to study fundamental quantum processes of these
systems or their biological/sensing applications.”’>*

Il. SAMPLES AND METHODOLOGY

We began the study by fabricating gold (Au) MNPs that
were shaped like NRs. The NRs were fabricated onto glass
substrates using standard electron beam lithography meth-
ods. Each glass substrate sample contained four arrays of Au
NRs, with each array consisting of the same size of the indi-
vidual NRs. The four arrays allowed us to take average
measurements of NRs that were prepared identically. After
the fabrication of the NRs, a layer of 15nm Si was deposited
on top through use of a Denton sputter system. In some sam-
ples, we also sputtered a 1 nm layer of Al oxide on top of the
Si layer to form the intermediate Si/Al oxide layer. In either
case, the distance from QD to MNP is large enough that
Forster resonant energy transfer (FRET) is negligible. The
fabricated samples are schematically shown in Fig. 1. We
used CdSe/ZnS QDs from NN-Labs, LLC that were coated
with octadecylamine ligands. The QDs had an emission peak
at 650 nm, and were deposited on the samples via centrifuge.

To excite the QDs on the samples, a continuous-wave
514nm Ar ion laser was used in a spectroscopic setup. The
laser light passed through an objective and irradiated the
sample. Light from the sample returned through the objec-
tive and through a dichroic mirror. The dichroic mirror
passed the light though a couple of filters and a lens to a fiber
collimator. The light was collected by the collimator and
sent to an Ocean Optics QE-Pro spectrometer. Polarization
of the light emitted from the sample was analyzed by placing
a variable linear polarizer in the setup after the dichroic mir-
ror. The time resolved measurements were done using a
Time Correlated Single Photon Counter (TCSPC) acquired
from PicoQuant (TimeHarp 260).

The first NR size we investigated had average dimen-
sions of 872nm X 198nm and had nominal thickness of
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View

FIG. 1. A top and side schematic of the fabricated sample device. Each de-
vice features four square regions of MNP arrays, shown in the top view.
The side view shows the (not to scale) ordering of the glass substrate, Si,
Al oxide, and QD layers. The NRs are embedded in the 15 nm Si layer. The
side schematic shows Al oxide, but some devices we tested did not include
Al oxide.

40 nm. The aspect ratio (longitudinal length divided by trans-
verse width) was about 4.4. The arrays had row by column
spacing between NRs of 0.5 um x 1 um, respectively. We
give the label “type A” to these NR arrays. A SEM image of
this type of NR array is shown in Fig. 2(a). Extinction spec-
tra of these NRs were taken after the addition of Si/Al oxide
to the top of the sample, by using a broadband white light
source. The addition of the ultrathin Al oxide layer on top of
the Si layer does not alter the absorption spectrum (this is
true for all NR types used in this report). Comparison of the
NR array absorption when the incident broadband light is
longitudinally (along the longitudinal NR axis) and trans-
versely (along the transverse NR axis) polarized is shown in
Fig. 3(a). These absorption plots are the average of the four
arrays. We noted that there was a drastic difference in the
extinction spectra for the two perpendicular polarizations.
Longitudinal incident light did not excite any strong plas-
monic effects in type A NRs (line 1). With transverse polar-
ization, however, the absorption of the NRs became
featured, with a plasmonic peak at approximately 580 nm
(line 2). Note that there is some coupling between the MNPs
of the array, and their interaction with the incident light
causes the sharp peak seen at 750 nm. This sharp peak can be
due to diffraction scattering between the NRs.>>-°

The second type of NRs we studied was 393 nm x 133 nm
in average size, and nominally 40 nm thick. The aspect ratio of
these NRs was ~3.0. The row by column spacing of the array
was 0.5um x 0.7 um. We called NR arrays of this structure
“type B.” A SEM image of this type of NR array is shown in
Fig. 2(b), and the averaged absorption spectrum of the sample
with a Si/Al oxide layer can be seen in Fig. 3(b). Here, again
we observed that transverse polarized incident light excited a
plasmonic peak in the NRs, whereas the longitudinal polarized
light resulted in a flat absorption spectrum. The plasmonic
peak when transverse incident light is used is approximately
650 nm.

The final type of NR we studied featured dimensions of
244 nm x 137nm, was 40nm thick, and had an aspect ratio
of ~2.0. The row by column spacing for this type was
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FIG. 2. SEM images of the three types of NRs. Type A NRs are shown in
(a), type B in (b), and type C in (c). A scale is shown at the bottom of each
image.

0.5 um x 0.5 um. These were “type C” NR arrays. Fig. 2(c)
shows a SEM image of this NR array. In Fig. 3(c), we com-
pared the averaged extinction spectra of the NRs with a Si/
Al oxide layer for the two polarizations. These NR arrays
exhibited a very sharp peak when transverse incident light
was used. This peak was centered at about 800 nm, and like
in the case of type A NRs, we believe diffraction scattering
could be responsible for this peak. In this paper, QD emis-
sion mostly falls on the plasmonic absorption of NRs, far
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FIG. 3. The absorbance spectrum of the three types of MNP arrays. In (a),
we show type A; in (b), we show type B; and in (c), we illustrate type C.
These absorbance measurements are taken after depositing Si and Al oxide.
We denote transverse incident polarization by (1) and longitudinal polariza-
tion by (2).

from the collective resonances associated with such
scattering.

lll. RESULTS

To understand how the size of the NRs in the arrays
affects QD emission, we observed the QD emission on areas
where NRs were present, and on areas where there were no
NRs nearby. The results can be seen in Figs. 4-0, for which
the data are the average of four measurements. In type A NR
arrays, the samples with the Si layer exhibited enhanced QD
emission when the NRs were present underneath the QDs.
The enhancement factor due to the NRs (peak emission
when NRs present divided by peak emission when NRs are
absent) was 4.5 times. This is shown in Fig. 4(a). For the
case where Si and Al oxide were deposited on top of these
NRs, we observed an increased enhancement factor of 19.3
times (Fig. 4(b)). This was similar to the results reported in
Ref. 22.

NR arrays of type B with a Si layer displayed an
enhancement factor of 1.8 when the NRs were present. In
Fig. 5(b), we see that replacing the Si layer with the Si/Al
oxide intermediate layer led to an enhancement factor of 3.4
times.
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FIG. 4. The QD emission from samples that contain type A NRs. In (a),
we show the QD emission when a 15nm layer of Si is present. Part (b)
shows the QD emission when a 1 nm layer of Al oxide is coated on top of
15nm Si.
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FIG. 5. The QD emission from samples that contain type B NRs. In (a),
we show the QD emission when a 15nm layer of Si is present. Part (b)
shows the QD emission when a 1 nm layer of Al oxide is coated on top of
15 nm Si.
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FIG. 6. The QD emission from samples that contain type C NRs. In (a), we
show the QD emission when a 15nm layer of Si is present. Part (b) shows
the QD emission when a 1 nm layer of Al oxide is coated on top of 15nm Si.

Finally, we observed that type C NR arrays with an Si
layer exhibited increased QD emission when NRs were pres-
ent with an enhancement factor of about 1.7. In the Si/Al ox-
ide intermediate layer case, we saw that the QD emission
was enhanced by a factor of 2.9 when the NR arrays were
present. These enhancement factors can be seen in Figs.6(a)
and 6(b).

IV. ENHANCEMENT OF QD EMISSION POLARIZATION

The polarization dependency of all the samples was
studied in order to determine the strength of exciton-dipole
coupling in the systems (Fig. 7). In most cases, we saw that
the peak emission occurred at an analyzer angle of 90°,
which corresponded to QD emission along the transverse
axis of the NRs. However, some of the samples had peak
emission at other angles near 90°, such as 100 or 110°. This
is because the sample may have been parallel tilted slightly
with respect to the analyzer plane, or because the SEM proc-
essing occurred at a slight deviation angle from the sides of
the sample. In Fig. 7(a), we observed that for type A NR
arrays, the degree of polarization in QD emission increased
from 23% to 41% when Al oxide was added on top of the Si
layer. Type B NR arrays did not demonstrate any change in
the degree of polarization with the introduction of Si/Al ox-
ide, although there did exist some polarization dependency
in both cases (Fig. 7(b)). In type C NRs, we see a very weak
polarization dependency in samples with just Si, whereas the
Si/Al oxide appeared to induce no polarization dependency
at all (Fig. 7(c)).
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FIG. 7. The emission dependence on analyzer angle. In (a), we show type A
MNP polarization dependency, whereas (b) and (c) correspond to type B and
type C polarization dependency, respectively. The dependence of samples
with 15nm and samples with 15nm Si/l nm Al oxide is shown for each

type.

V. DISCUSSION

The results presented in the Section IV show that the
QD emission enhancement caused by exciton-plasmon cou-
pling can be controlled by adjusting the aspect ratio of the
NRs that make up the array. This is true regardless whether
the sample has a Si layer or a Si/Al oxide intermediate
layer.?%?! The physical reason for this is because the ampli-
tude and spectrum of the plasmonic peaks are changed for
different aspect ratios (Fig. 3). We note that the laser excita-
tion is at 514nm, which occurs where there is negligible
absorption of the NRs. This means that the enhancement of
emission is not from the enhancement of the excitation
source. Furthermore, there is also negligible difference in
longitudinal and transverse absorption at this wavelength,
meaning that the results we obtained are not impacted by the
polarization of the laser. The amount of plasmonic absorp-
tion at the QD emission line is related to the strength of the
exciton-plasmon coupling; more absorption means stronger
plasmonic effects. We see that the relative transverse absorb-
ance of type A, B, and C NRs is 0.375, 0.199, and 0.120,
respectively. This suggests that type A NRs should have the
most QD emission enhancement from exciton-plasmon cou-
pling,*® and that type C NRs should exhibit the least. This is
supported by the enhancement factors we found, for both Si
and Si/Al oxide layers. Also note that the difference in
absorption for transverse and longitudinal incident light
polarization predicts the amount of polarization dependence
in the QD emission. If Aa is the difference in transverse and
longitudinal absorption (o7 — ;) at the QD emission line of
650 nm, then we see that type A NRs have Aa of 0.25
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compared to type B NRs, where the Ax is 0.15. For type C
NRs, the Ao is 0.07. Not surprisingly, we see the most
polarization-dependent QD emission in type A NRs. The
main feature here, however, is the fact that the presence of
Al oxide enhances this process significantly (Fig. 7(a)).

To discuss this further, note that the Si layer has high re-
fractive index and, therefore, it can enhance the plasmonic
effects and even collective modes of the NR arrays. This
layer, however, can present a significant amount of defects,
leading to fast non-radiative decay of excitons in QDs. The
ultrathin Al oxide layer plays the major role of countering
the disadvantages of Si as well as introducing an electrostatic
shielding benefit of its own. This type of behavior has been
described recently in Ref. 23. The Al oxide passivates the Si
surface defects, so that fewer electrons can become trapped
in them. Furthermore, the large negative potential introduced
by Al oxide electrically repels the QD electrons from enter-
ing the Si layer defect sites, suppressing Auger processes. In
this way, we have effectively reduced the disadvantageous
Si layer properties. When comparing the QD emission of Si
to Si/Al oxide cases in Fig. 7(a), we see that the degree of
polarization is much greater when Al oxide is present than
when it does not (by nearly two times). Since the difference
in the NR extinction spectra between Si and Si/Al oxide is
very small, this result gives a foundation to the argument
that Al oxide, through its passivating and electrical proper-
ties, disfranchises the Si disadvantages and thereby strength-
ens the exciton-plasmon coupling via elongation of the QDs’
radiative lifetimes. In Figs. 7(b) and 7(c), we see that the
addition of Al oxide does not affect the polarization depend-
ency of type B and C NRs as much as for type A NRs. This
could mean that the exciton-plasmon coupling was not very
strong in the first place, and placing an Si/Al oxide layer
between the weakly coupled QD-MNP systems will not
greatly increase the strength of coupling between them.

As highlighted in Fig. 8, even when 0 =0, i.e., the QD
polarization is along the long axis of the NRs, the emission
can undergo significant amount of enhancement, depending
on the aspect ratios of the NRs ((a)—(c)). The emission
enhancement factors, defined as the ratio of QD emission on
glass to that on NRs, are shown Figs. 8(a’)-8(c’) for these
NRs. For the largest aspect ratio (~4.4), we observe emission
enhancement of about 12 (Fig. 8(a’)). This value increases at
0 =90° when exciton-plasmon coupling associated with trans-
verse modes of NRs maximizes. The enhancement at 0 =0
reduces to ~2.7 and 2.5 as the aspect ratio decreases to ~3
and ~2, as can be seen in Figs. 8(b’) and 8(c’)). The signifi-
cant enhancement in the case of the type A structure (aspect
ratio ~4.4), could be due to excitation of the longitudinal mul-
tipolar modes of the structure as it represents a metallic nano-
antenna array that can support a plasmonic lattice.>>*°

To explore the impact of Al oxide further, we carried
out QD lifetime measurements using the TCSPC system.
Fig. 9(a) shows the emission decay of the QDs in the absence
of the NRs. The results show that the Al oxide layer can
reduce the lifetime of the QDs. This is clearly highlighted
via the bi-exponential fits to these decays (solid lines). These
results suggest that for the type of QDs studied in this paper,
Al oxide actually suppresses the emission of such QDs. This
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is consistent with our previous investigations that showed
the impact of Al oxide is very dependent on the type of the
substrate and the QDs.>*** For types of QDs that exhibit
active photo-chemical and photo-physical properties, Al ox-
ide can lead to a significant amount of enhancement of emis-
sion efficiency of the QDs. We believe the reason behind the
results seen in Fig. 9(a) is that the type of QDs used in this
paper did not show any significant active photo-chemical or
physical processes. This can partially be related to the fact
that these QDs had a ZnS shell.

In Fig. 9(b), we compare the decay of QD emission on
Si/Al oxide in the absence and presence of the NRs shown in
Fig. 2(a). The results show that the presence of NRs
increases the lifetime of the QDs, leading to very large
enhancement of their emission (Fig. 4). This is a rather inter-
esting result, since in the presence of the NRs, one expects
the FRET from QDs to the NRs to reduce the lifetime of the
QDs. Even for the optimized thickness of the Si layer
(15nm), which allowed the favorable impact of plasmon
field enhancement to overcome the suppression caused by
FRET, we expected some degree of reduction in lifetime.
Instead, in Fig. 9(a), we see an enhancement of QD emission
along with a longer QD lifetime even in the presence of
FRET. This suggests that for the type of QDs used in this pa-
per, the combined effects of Si and Al oxide layers and the
Au NRs may be responsible for significant improvement of
the radiative efficiency of the QDs via suppression of their
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non-radiative decay channels. Since in our systems plasmons
were excited by the QD emission, this in turn enhances the
exciton-plasmon coupling efficiency.

VI. CONCLUSIONS

We studied how the size and shape of Au NR arrays
affect the QD emission in the presence of Si and Si/Al oxide
intermediate layers. Reduction in the aspect ratio of the NRs
was observed to reduce the impact of Al oxide on exciton-
plasmon coupling and thus the QD emission enhancement
seen when NRs were present. The largest enhancement and
increase in degree of emission polarization caused by Si/Al
oxide was seen in Au nanoantennas with large aspect ratio.
This suggests that addition of Al oxide to form Si/Al oxide
layer can drastically increase the degree of exciton-plasmon
coupling.
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