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ABSTRACT

The magnesium oxide (MgO) adhesion layer is proposed to avoid adverse effects of lossy metallic adhesion layers in thin film plasmonic
nanostructures. Such adverse effects can be in the form of resonance broadening and a decrease in the resonance magnitude. We fabricate
and test the quality of MgO adhesion layers and determine its optical properties through ellipsometry measurements. We also provide the
plasmonic response of various plasmonic nanostructures (nanohole array, nanodisk array, dimer nanohole array, and bowtie slot antenna
array) with a MgO adhesion layer and conventional adhesion layers including titanium (Ti), chromium (Cr), tantalum (Ta), and indium tin
oxide (ITO). Our results show that unlike conventional adhesives, MgO has almost no adverse effect on the plasmonic resonance of the

designed nanostructures.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0008665

Plasmonic nanostructures, with the ability to show strong field
localization, have a wide variety of applications, including biosensing
and chemical sensing and thermoplasmonic applications.' ® In such
applications, gold (Au) and silver are commonly used as the plasmonic
metal. Since they are both noble metals, there is a need for an adhesion
layer to ensure firm bonding between the metal layer and the substrate.
As a common solution to the adhesion problem, metal layers such as
chromium (Cr), titanium (Ti), and tantalum (Ta) can be used.
However, they adversely affect the plasmonic resonance of the metallic
nanostructures. High losses induced by these adhesion metals usually
have a significant damping effect, which results in resonance broaden-
ing and a decrease in its magnitude. As a result, these adverse effects
decrease the performance of the plasmonic structure.”

To avoid such degradation caused by the adhesion layer, some
papers have suggested using oxides such as indium tin oxide (ITO),
TiO,, and Cr,O; as adhesion layers,7‘14’16 or a molecular linker,'”"®
which are all low-loss materials at optical wavelengths. Specifically,
preparing a molecular linker adds a few extra steps to the fabrication
process as well as requiring a long deposition time. Another approach
is to modify the fabrication process to achieve less overlap between
plasmonic hotspots and the metallic adhesion layer, as presented in
Ref. 19, through a more complicated fabrication called the angular
evaporation technique.

In this manuscript, we propose magnesium oxide (MgO) low-
loss adhesion layers and study the impact on the plasmonic structures.
Recently, we had demonstrated that MgO can be a low-loss alternative
to the conventional adhesion layers made of Cr, Ti, Ta, and other low-
loss adhesion layers proposed in the literature so far.”” Here, we pro-
vide detailed information on deposition and testing of the MgO adhe-
sion layers. Furthermore, we perform a theoretical study on various
plasmonic nanostructures and compare their performance in terms of
resonance broadening and resonance magnitude reduction when they
are fabricated with MgO and conventional adhesion layers.
Specifically, nanohole arrays, nanodisk arrays, dimer nanohole arrays,
and bowtie slot antenna arrays are designed for such comparison.”' **
In particular, we observe a large impact on the device performance
when there is a larger overlap between the electric field and the adhe-
sion layer.

In order for the adhesion material to be an acceptable choice,
its adhesion performance should be tested. We fabricated two
approximately 10 x 10 mm? samples on Si100/SiO,(100 nm) sub-
strate as: substrate/Au(30 nm), and substrate/MgO(3 nm)/Au(30 nm).
Deposition of thin films was performed by magnetron sputtering in 2
mTorr (0.27 Pa) of Ar process gas. The base pressure of the system
was below 2 x 1078 Torr (2.7 X 1076 Pa). Au layers were deposited
by d.c. sputtering, and the dielectric MgO layer was deposited through
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r.f. sputtering. It was observed through SEM images [Figs. 1(b) and
1(c)] that the deposited Au layers are polycrystalline in both cases.

We use the sonication technique”*° to test the adhesion of the
Au layer of the fabricated samples as it is one of the harshest steps that
plasmonic devices experience during fabrication or cleaning. The
results are qualitative and binary, and so we can determine whether or
not the devices will survive the fabrication process. We placed the sam-
ples in separate beakers of isopropyl alcohol and sonicated them. After
~15min, the Au layer in the first sample was observed by the eye to
be exfoliating near the edges of the wafer. The second sample [sub-
strate/MgO(3 nm)/Au(30 nm)] showed no signs of exfoliating. At this
point, we tested our samples by performing a visual inspection of the
two samples through optical microscope imaging as well as scanning
electron microscopy (SEM) images (Fig. 1). Continuing the sonication
for 5 more hours, for the sample without the MgO adhesion layer, the
gold layer was completely exfoliated, while the one with the MgO
adhesion layer showed no change. This shows that the thin MgO layer
creates a strong adhesion between the Au layer and the substrate. We
repeated this test a second time, and a similar outcome was observed.

To demonstrate the mechanical stability of the MgO adhesion
layer specifically for nanoparticles, we present our fabrication of a
nanohole array and a dimer nanohole array fabricated on a stack of
gold and MgO [quartz substrate/MgO(3 nm)/Au(60 nm)/MgO(6 nm)/
Au(5nm)]. We used a single layer positive tone e-beam resist poly(-
methyl methacrylate) (PMMA 495A4) of 250 nm by spin coating it on
our sample at 3000 rpm. After spin coating, the resist was pre-baked at
180 °C for 15 min. Then, electron beam exposure was done at 100kV
with a dose level of 1100 uC/cm?* (Vistec EBPG 5000+ES E-beam
Writer). Then, the resist was developed in standard MIBK:IPA 1:3
solution for 45s, followed by IPA rinse for 30s and N2 blow dry.
Afterward, Ar" ion milling was used to etch the exposed part of the
sample and create the nanohole patterns. The resist was removed by
leaving the sample in 60 °C acetone for 45 min, followed by a brief
sonication of less than 15 s. Then, the sample was rinsed with IPA,
with another brief sonication, followed by HPLC water rinse for ~45 s

Sio, Si02/Au(30 nm)

(b) (0

FIG. 1. MgO adhesion test samples after 15 min of sonication: (a) optical image of
Au samples without and with the MgO adhesion layer. (b) SEM image of part of the
sample with the MgO adhesion layer and (c) with no adhesion layer. After 5h of
sonication, the sample on the left showed no change, while for the sample on the
right, the Au layer was completely removed.

scitation.org/journal/apl

and N2 blow dry. The SEM images of the fabricated nanohole array
and dimer nanohole array are shown in Fig. 2. It can be seen from the
SEM images that the nanoholes have smooth circular shapes as
expected, despite the multiple sonications during the fabrication pro-
cess. This shows that the MgO adhesion layer creates a high enough
mechanical stability for the nanostructures to survive the fabrication
process. It should be noted that the affinity of MgO to water is
known.”” However, in a plasmonic device where the MgO adhesion
layer coated with noble metals or any other stable material, water
exposure and potential damage will be minimized. Applications that
require devices where MgO has extensive exposure should be aware of
potential damage.

Optical properties of thin-film materials can be very different
from their bulk properties because of electron scattering at the film
boundary.”® " To account for such effects, we performed ellipsometry
measurements on a 5nm MgO thin film, which is thick enough to
achieve strong adhesion. Furthermore, as an example of metallic adhe-
sion layers to compare with, we performed ellipsometry measurements
on a Ta thin film since Ta is used as a common adhesion layer, and it
is particularly important for magneto-plasmonic devices.'' These data
will be used in our simulations presented later in this manuscript. Two
samples were prepared on the quartz substrate as quartz substrate/
MgO(5nm) and quartz substrate/Ta(5 nm)/Au(2 nm), where the gold
layer deposited on top of the Ta layer is to protect it from oxidization.
The deposition technique for Au and MgO was the same as the ellips-
ometry samples. For Ta, the deposition was performed by d.c. sputter-
ing at the same gas pressure as Au.

The plots in Fig. 3 represent the thin-film material data obtained
through ellipsometry for MgO and Ta, as well as their bulk optical
properties from Refs. 35 and 36. Measurements were performed at an
incident angle of 70° for the wavelength range of 530 nm-750 nm. For
each measurement, an average of 30 scans was taken for ensuring
accuracy of the results. The Cauchy dispersion equation was assumed
as the dispersion model, and the coefficients were obtained to best
fit the measurement data. Another set of spectroscopic measurements
was performed wusing a Cary-7000 Universal Measurement
Spectrophotometer, which showed that the Cauchy -coefficients
obtained from the ellipsometry measurements can give a close esti-
mate of optical properties of the thin films up to a wavelength of
900 nm. Therefore, the plots presented here include wavelength ranges
up to 4 =900 nm. Here, a translucent tape was placed on the backside
of the quartz substrate of both samples prior to the ellipsometry mea-
surements to reduce the backside reflections. For the case of MgO,
however, the backside reflection was not completely suppressed
because of its extreme transparency. Therefore, the calculated

FIG. 2. SEM image of the fabricated nanostructures using the MgO adhesion layer:
(a) nanohole array and (b) dimer nanohole array.
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FIG. 3. Optical properties of 5nm thin films obtained from ellipsometry measure-
ments (solid lines) vs bulk optical properties from Refs. 35 and 36 (dashed lines)
for (@) MgO and (b) Ta (n: refractive index and «: extinction coefficient).

extinction coefficient of the MgO thin film shows a negligible negative
value at shorter wavelengths, which we approximate to zero for simu-
lations discussed later in this manuscript.

Adhesion layers can adversely affect the performance of plas-
monic nanostructures and may manifest their effect on the plasmonic
resonance spectrum as linewidth broadening and resonance magni-
tude reduction. Here, we show how much an MgO adhesion layer
affects the plasmonic resonance of different plasmonic nanostructures,
compared to Ta, Cr, Ti, and ITO adhesion layers to support the idea
of MgO as an alternative adhesion layer for plasmonic devices.

Four different plasmonic nanostructures are designed for our
study: nanohole arrays, nanodisk arrays, dimer nanohole arrays, and
bowtie slot antenna arrays,”' ** using finite element method (FEM)
simulations. The nanostructures are designed on a 60 nm gold film as
the plasmonic metal and a SiO, substrate (n= 1.45") except for the
nanodisk array where a 20 nm gold layer is considered for the design.
The adhesion layer thickness is set to 5nm, and the material data for
gold are taken from Ref. 38. Both the gold layer and the adhesion layer
are assumed to be fully etched in the simulations.

The unit cell schematics and the dimensions of each nanostruc-
ture are shown in Fig. 4. Dimensions are designed to achieve plas-
monic resonance at 710 nm. The transmission spectra for the designed
nanostructures are included in the plots of Fig. 5 (solid lines without
markers). Each nanostructure, depending on its geometry, supports a
specific type of plasmonic resonance. For the designed nanohole array,

395 nm 400 nm
Au
180 nm  |395 nm 400 130nm
> Si0, A
(a) (b)
150 nm
P 695 nm R
150 n 20 nm
m > < 75.4 nm
200 nm| » <« 100 nm 300 nm
65 nm
(0) (d)

FIG. 4. Unit cell schematic and dimensions for the designed plasmonic nanostruc-
tures: (a) nanohole array, (b) nanodisk array, (c) dimer nanohole array, and (d) bow-
tie slot antenna array.
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FIG. 5. Transmission spectra without and with different adhesion layers of 5nm thick-
ness, considering bulk optical properties of adhesion material for (a) nanohole array,
(b) nanodisk array, (c) dimer nanohole array, and (d) bowtie slot antenna array.

the plasmonic resonance is mainly based on a surface plasmon polari-
ton (SPP) mode, which is a propagating mode, appearing as a peak in
the transmission spectrum, and specifically for this design, it is the
SPP mode localized at the substrate/Au interface. The resonance for
the dimer nanohole array is based on an SPP mode coupled with a
Rayleigh-Wood Anomaly (WA) mode (at the Au/air interface), creat-
ing a Fano resonance, showing up as a dip in its transmission spec-
trum. Bowtie slot antenna arrays and nanodisk arrays show a localized
plasmon resonance (LSPR), which is a non-propagating mode and
appears as a peak in their transmission spectrum.

As an initial step for device performance comparison, we used
bulk optical material properties of adhesion layers taken from Ref. 36
for Cr, Ti, and Ta and data taken from Ref. 35 for MgO. The transmis-
sion spectra obtained from such simulations are provided in Fig. 5 for
all the designed nanostructures. Values of the linewidth increase and
resonance magnitude reduction are also calculated from these plots as
the percentage difference compared to the case of no adhesion layer
(Fig. SI in the supplementary material). For such calculations, we
defined the linewidth as FWHM (full width at half maximum) for the
nanohole array and bowtie antenna array. For the nanodisk array,
the linewidth is defined as FWHD (full width at half depth) and for
the dimer nanohole array as the difference between the resonance
wavelength and the wavelength of the nearest adjacent local maximum
for the dimer nanohole array. Also, resonance magnitude is defined as
the absolute value of the difference between the transmission peak (or
dip) and its nearest adjacent local minimum (or maximum).

The results in Figs. 5 and SI show that magnitude of resonance
can decrease by up to %84 and the resonance can broaden up to 2x
due to Cr adhesion layer losses. However, for the MgO adhesion layer,
the reduction in resonance magnitude is less than %3.6 for all the
nanostructures, and the linewidth decreases by up to %7, meaning
that the resonance becomes even sharper. Furthermore, it can be seen
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that for almost all the nanostructures, Ta causes less resonance damp-
ing compared to Ti and Cr. The reason is that Ta has a smaller extinc-
tion coefficient around the design wavelength. It is important to note
that the nanostructure geometry also plays a role in how much the
adhesion layer can affect the plasmonic resonance. For example, for
the dimer nanohole array, resonance broadening is very small for all
adhesion layers, and the reduction in resonance magnitude is the
smallest, compared to the other three nanostructures. This is because
plasmonic hotspots for the dimer nanohole array have less overlap
with the adhesion layer. On the other hand, one can see that the reso-
nance damping is the largest for the nanodisk array, which can be
because its gold layer is thinner. These results show that MgO poten-
tially has a much smaller effect on the resonance of plasmonic nano-
structures, which makes it a good alternative. However, these results
are based on bulk material properties, and experimental estimates
should be made by using thin film material data for the adhesion
layers.

To provide an experimental estimate for the optical response of
the designed nanostructures and compare the effect of the MgO adhe-
sion layer with typical metallic and dielectric adhesion layers, a second
set of simulations are performed, which accounts for the small thick-
ness of adhesion layers. For Ta and MgO thin films, we used the ellips-
ometry measurement results obtained earlier, which are for the same
thickness as in the simulations (5nm). Thin-film material properties
of Ti, Cr, and ITO are taken from Refs. 28, 33, and 39, where the opti-
cal properties are reported for their thin films. For Cr, the material
data are for a thickness of 5nm, and for Ti and ITO, they are for
32nm and 17 nm, respectively. Here, we assume that these thin film
material properties in Refs. 33 and 39 can be a good estimate for the
optical properties of Ti and ITO of 5 nm thickness. It should be noted
that, however, the refractive index and extinction coefficient of thin
films can be highly changing with their thickness. Furthermore, the
deposition method can affect thin film material properties. This is
shown in Tables SI, SII, and SIII in the supplementary material for Cr,
Ti, and ITO thin films as an example.

For simulations with adhesion layers considering their thin film
material data, the results are provided in Fig. 6. The resonance magni-
tude reduction and linewidth increase are calculated from these results
and plotted in Fig. S2 of the supplementary material. Here, we include
the ITO adhesion layer as well since it is also a transparent material,
making it an adhesion layer with high optical performance. It can be
seen that the previously increasing trend of resonance damping, going
from MgO to Ta, Ti, and Cr, is now changed, which is the result of the
difference in the thickness and deposition method of the measured
thin films. Ta shows the highest plasmonic damping, with up to %84
reduction in resonance magnitude and linewidth broadening of more
than two times. MgO, however, still shows up very promising perfor-
mance in all the cases, causing no resonance broadening (up to %—2)
and up to %4 resonance magnitude reduction. Furthermore, one can
observe that MgO is as good as ITO in terms of its optical perfor-
mance, making it a good alternative. Again, the significance of reso-
nance damping in the presence of the adhesion layer depends on the
nanostructure geometry and its field distribution at the resonance. For
example, resonance broadening is the highest in the case of nanodisk
arrays (more than twice) and the plasmonic resonance of the dimer
nanohole array is affected the least in the presence of adhesion layer
(up to %4 broadening and up to %6 resonance magnitude reduction).
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FIG. 6. Transmission spectra without and with different adhesion layers of 5nm thick-
ness, considering thin film material properties of adhesion materials for (a) nanohole
array, (b) nanodisk array, (c) dimer nanohole array, and (d) bowtie slot antenna array.

In summary, MgO is suggested as a lossless alternative adhesion
layer for plasmonic nanostructures, to avoid resonance broadening
and magnitude reduction caused by common metallic adhesion layers.
MgO adhesion tests are performed, demonstrating its strong adhesion.
The effect of the MgO adhesion layer on the plasmonic resonance of
different nanostructures is compared with Cr, Ti, Ta, and ITO adhe-
sion layers, through FEM simulations. For MgO and Ta specifically,
ellipsometry measurements are performed to obtain their thin-film
optical properties, which are used in the simulations. The results show
that MgO is a promising adhesion layer since it has a negligible effect
on the plasmonic resonance of the nanostructures (no resonance
broadening and up to %4 resonance magnitude reduction). On the
other hand, Ta, Cr, Ti, and ITO broaden the resonance and reduce its
magnitude. Although the effect of the adhesion layer is clear, the mag-
nitude of its impact is dependent on the amount of overlap between
plasmonic hotspots and the adhesion layer.

See the supplementary material for additional information on the
results in Figs. 5 and 6 and the effect of the thickness and deposition
method on optical properties of thin film adhesion layers.
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