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Plasmonic Gold Nanodiscs using Piezoelectric Substrate Birefrin-

gence for Liquid Sensing

Danni Hao, Mitchell G. Kenney, and David R. S. Cumming

School of Engineering, Rankine Building, University of Glasgow, Glasgow, G12 8LT, UK

This article presents the simulation, fabrication, and experimental characterization of a surface plasmonic reso-
nance (SPR) sensor integrated with an acoustic sensing compatible substrate. The SPR sensor is designed to work
in the visible region with gold nanodisc arrays fabricated on LiNbO3, which is both piezoelectric and birefringent.
A linear relationship between resonance wavelength and varying liquid refractive indices were observed in exper-
iments, and a sensitivity of 165nm/RIU was obtained. Polarization effects of the birefringent property of the Y-
cut LiNbOs substrate have been investigated, which can also be applied to X-cut LiNbO3. Our study demonstrates
the feasibility of an SPR sensor device utilizing a birefringent substrate, which has acoustic wave compatibility
and can pave the way towards much more robust and flexible biosensing devices.

Both photonic and acoustic technologies are prominent in
sensing applications where two important examples are sur-
face plasmon resonance (SPR) sensors and surface acoustic
wave (SAW) sensors, respectively. Traditionally, SPR sensors
are made on non-piezo active glasses, hence for this investiga-
tion we have studied their behavior on a piezoelectric material.
SPR can be exploited to create an enhanced electric field at the
surface of metallic nanostructures (boundary between a metal
and dielectric). At resonance, the field is strongly localized so
that the exact characteristics of the associated spectrum are
highly sensitive to the refractive index of any material that is
close, or attached, to the surface. 2 SPR biosensing can be
achieved using metallic nanoparticles or from structured me-
tallic thin films deposited on to a substrate - typically glass.
Biosensors based on SPR possess many advantages such as
high sensitivity, can be used in-situ, and possess label-free op-
eration that are desirable for biosensing applications.

Surface acoustic wave sensors use interdigitated transduc-
ers (IDT) to generate and detect acoustic waves on the surface
of the piezoelectric substrate, e.g. quartz, LiNbOs or LiTaO:s.
A quantifiable change occurs in the resonance frequency and
amplitude of the propagating wave that correlates to adsorbed
mass, viscoelastic changes, and the conductivity of the sur-
rounding liquid. 5 Unlike SPR, which is only sensitive to the
bound molecule layer (in a liquid sample), acoustic sensors are
not only sensitive to the binding molecules but also the viscos-
ity of the solvent coupled to the biomolecule.® Whilst SPR can
measure the mass of the adsorbed layer, an acoustic sensor can
measure the viscous drag between the liquid and biomolecules,
and determine the size and shape of the target biomolecule. 7
SAW devices can be used to induce a liquid flow by acoustic
streaming, 8 and this phenomenon has been used in conjunc-
tion with a continuous metal film to accelerate and improve
analyte capture for SPR sensing. * 1°

Such SPR sensors can be made by coating one surface of a
prism with metal and measuring the change in the intensity of
totally internally reflected light at different angles.* Studies
have also been made with patterned metallic planar films in

which surface modifications give rise to changes in the ob-
served resonance characteristics.? The latter configuration re-
duces instrumentation complexity and can be rendered into a
low-cost laboratory-on-a-chip (LOAC) format. 1213 The planar
configuration of SAW devices is also suitable for LOAC for-
mats. °

In this paper we investigate the potential for
co-integration of acoustic and SPR technologies on a single
device, and in particular to study the optical properties of SPR
nanostructures on piezo-active materials. In order to do this
we have selected the piezo-active material LiNbOg3, as it has
high optical transmission (we obtain over 80% in visible
range), large electromechanical coupling coefficients, as well
as being optically birefringent unlike the glasses typically used
to make SPR sensors. We present results on the refractive in-
dex dependent response of differing water-glycerine concen-
trations and polarization sensitivity of SPR nanostructures on
LiNbOs.

Crystalline LiNbO3 can be cut on any of three planes to
make X, Y or Z-cut surfaces, which are normal to crystallo-
graphic directions [2110], [1100], and [0001], respectively.!*
In this study, we used samples from a 500 pm thick Y-cut wa-
fer - a schematic diagram illustrating the crystallographic di-
rections of LiNbOsis shown in Fig. 1(a). Due to the anisotropic
nature of LiNbOs the refractive index for light normal to the
Y-cut plane is sensitive to polarization. For an incident ray ko
with the electric field in the direction of [2110], then the re-
fractive index is no = 2.287° whilst for an incident ray ke with
electric field in the direction of [0001], then n. = 2.203%.

Using the Y-cut LiNbOsas a substrate, arrays of gold nano-
discs were proposed as our SPR sensors in the configuration
shown in Fig. 1(a). These were fabricated on the LiNbO3z sam-
ple surfaces as follows: first, a 300 nm bi-layer PMMA was
spin coated on to the LiNbOs surface; the resist was then
prebaked on a hot-plate by ramping the temperature from
65 °C to 95 °C (since LiNbOs is a pyroelectric and can break
when heated with a large temperature-gradient) for a total time
of 8 minutes per coating; to avoid charging effects that can



damage LiNbO3; when carrying out electron beam lithography
(EBL), a 30 nm Al layer was evaporated on top of the resist,
and EBL patterns were written at a beam voltage of 100 kV;
following this, the protective Al layer was removed by MF-
CD26 after the electron beam exposure; finally, after develop-
ment in MIBK:IPA (1:2) solution, 60 nm Au was evaporated
on to the sample with an initial 3nm Ti adhesion layer and the
sample was then put into hot acetone for up to 4 hours for lift
off. The final structure can be seen in Fig. 1(b), which was a
square array of gold discs with a periodicity a = 300 nm and a
disc diameter b = 180 nm (dimensions ‘a’ and ‘b’ are shown
in the Inset of Fig. 1(b).)
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FIG. 1. (a) Schematic diagram showing gold nanodisc array and the
crystal planes of the LiNbOs. (b) A scanning electron micrograph
of gold nanodiscs in a square array with a period of 300 nm on Y-
cut LiNbOs. Inset: a microscope image tilted at 45°, where a and b
are the periodicity and disc diameter, respectively.

The transmission spectra of the gold nanodiscs on LiNbO3
were simulated using Lumerical FDTD. A semi-infinite Y-cut
LiNbO;s substrate and a semi-infinite air/liquid superstrate
were used to create the model. Two simulations with orthogo-
nally polarized beams (k, and ke) were performed. The net
transmission for both polarizations (i.e. unpolarized light) was
calculated using the arithmetic average of these simulations.®
Periodic boundary conditions were defined along the x and z
axes and perfectly matched layers were set at the top and bot-
tom boundaries to absorb any unwanted reflections. A mesh
cell with size of Ax = Ay = 4z = 2 nm was set in the region
encompassing the metal layer and part of the LiNbO;s and

air/liquid layer. In the simulations, Johnson and Christy’s ex-
perimental values were used for the complex permittivity data
of Au.Y

Figure 2(a) shows the simulation result for applying water
on top of the sensing surface for unpolarized light. Using an
SPR sensor based on LiNbOs, which has an approximate
average refractive index of 2.25 (due to the anisotropy of
LiNbO3) for unpolarized light, and the water having a refrac-
tive index of 1.33, the large gap between these two refractive
indices induces two resonance modes in the transmission spec-
tra: a LINbO3 mode at Ag (where the subscript ‘B” means ‘bot-
tom’); and a liquid mode at At (where the subscript ‘T” means
‘top”). The power distribution (inset Fig. 2(a)) shows that the
resonance at Ar has a local maximum intensity at the top of the
gold nanodisc — which is the interface of water and metal —
whilst the resonance at Ag has a local maximum intensity at the
bottom of the nanodisc — which is the interface of metal and
LiNbOs. Former SPR sensors based on glass appear to have
only one resonance mode since the refractive index of the an-
alyte is similar to that of glass (n=1.5) and the two modes hy-
bridize together in the transmission spectra to give a broad re-
sponse.'8
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FIG. 2. (a) Simulated transmission spectrum for SPR sensors in wa-
ter, where the two main resonance wavelengths are marked as Arand
Ze. Inset: Electric field intensity distributions in the xy plane at At
and A, respectively. (b) Measured transmission spectra for the SPR
sensors in a glycerin-water solution of differing concentrations. The
average refractive index for each solution is given to the right of the
concentration percentage. Inset: resonance wavelength (nm, y-axis)
versus refractive index of glycerin-water solution (x-axis). The
black curve is the resonance wavelength shift at liquid mode Zr, and
the red curve is the resonance wavelength shift at LiNbOs mode /s.



For biosensing applications, the variation of the resonance
wavelength is mostly caused by the refractive index change in
the analyte.® To confirm this, a series of glycerine-water solu-
tions with different concentrations were applied on top of the
surface of the SPR structures, where the refractive index of
glycerine is 1.48 and differing concentrations of solution have
refractive indices given by Ref. 20. The corresponding trans-
mission spectra were measured using an Angstrom Sun Tech-
nologies Inc. microspectrophotometer MSP300, where an un-
polarized light beam from a halogen lamp was normally inci-
dent on to the backside of the sample. Measured results are
shown in Fig. 2(b). It was found that an increase in the glycer-
ine-to-water concentration induces a redshift of the resonance
wavelength modes for both Ar and As. The resonance wave-
lengths were extracted and plotted as a function of the liquid
refractive index in the inset of Fig. 2(b). A sensitivity of 165
nm per refractive index unit (RIU) has been observed at the
liquid mode Ar and a sensitivity of 130 nm/RIU has been ob-
served at the LiNbOs; mode Ag. The sensitivity for the liquid
mode is comparable to other similar SPR sensors on isotropic
media with a resonance in the same wavelength range'® — for
these, the sensitivity increases for longer resonant wave-
lengths,?* but this principle only applies due to the similarity
of substrate and superstrate refractive indices and yields only
one broad resonance: for our structure it does not hold true for
the higher wavelength Zg mode compared to Ar. In essence, it
can be inferred that it is the liquid (top) resonance mode At
which provides the high sensitivity and undergoes a sensitivity
increase for longer wavelengths.

Since LiNbO; has two distinct values for its refractive in-
dex (due to birefringence), it is necessary to evaluate the char-
acteristics of the SPR structure with respect to the crystal ori-
entation. We have therefore studied the behavior of the device
in response to a changing polarization by varying the orienta-
tion of the E-field from 0° (aligned to the x-cut axis) to 90°,
whilst normally incident to the xz plane. The transmission
spectra in Fig. 3(a) shows how the resonance wavelength shifts
as the polarization angles are varied. The superstrate was set
to a refractive index of 1.0 (air) to suppress the liquid mode
response Ar (following the trend that the smaller refractive in-
dex of the liquid compared to LiNbO; yields a much lower re-
sponse) — the small dip at 520 nm was attributed to be the Ar
(liquid) mode; this was so that we could primarily investigate
the 1g mode only. Due to the symmetrical properties of the
nanodiscs and their array periodicity, and the fact that the light
was as close to normally incident as possible, we associate the
variation of ig solely to the birefringent properties of the
LiNbOs crystal. As can be seen in Fig. 3, the wavelength g
varies as a function of the polarization angle, where we find
that it experimentally changes by up to 15 nm between 0° and
90°. We attribute the difference between simulated and exper-
imental results to be from imperfections in the fabricated de-
vice.

This experiment shows that SPR structures on birefringent
material can offer polarization sensitive optical transmission
for potential applications. For instance, traditional plasmonic

colour filters fabricated on glass substrates can only support a
single wavelength for each designed pattern; a colour filter
which adopts a highly birefringent substrate material may be
able to support multiple transmission peaks that can be indi-
vidually selected by adding a polarizer into the device. Follow-
ing on from this, the wavelength shift at Ar caused by polari-
zation change needs to be studied to give us a better under-
standing of the two resonance modes and the SPR sensing
functionality on high refractive index materials.

60+
(a) | - = = Simulated 0°
504 - — = Simulated 30°
1= Simulated 60°
o 40 = - = Simulated 90°
= ]
g7
Z 20-
=) | ——Measured 0°
& 104 [— Measured 30
Measured 60° N
—— Measured 90° ==
04
T * T & T L T J 1
500 600 700 800 900

Wavelength(nm)
(b) 800

790

Resonance Wavelength (nm)

780 T T T T T T T
0 15 30 45 60 75 90

Polarization Angle (Deg)

FIG.3. (a) Simulated and measured spectra of Au nanodisc arrays on
LiNbOz surrounded by air. Data is recorded for four different polari-
zation angles: 0° (x-polarized), 30°, 60°, and 90° (z-polarized). (b) Ex-
panded experimentally measured resonance wavelengths of Au nano-
disc arrays on LiNbOs for seven different polarization angles.

To examine the impact that birefringence makes to SPR
sensing, experiments were carried out for different concentra-
tions of glycerine-water solution on top of the sample surface
in conjunction with polarization angle changes, and transmis-
sion spectra were simulated for polarization angle change (for
water only). As seen in Fig. 4, since At is related to the SPR at
the interface between the metal and water/glycerine solution it
does not shift with polarization angle change (the vertical line
markers between Figs 4(a) and 4(b) are present for ease of
viewing). This is also apparent in the simulated results (Inset
of Fig. 4(a)) where the At (top surface) SPR mode does not
shift when the polarization is varied (even for unpolarized
light). We should note that the transmission intensity differ-
ences for At between 0° and 90° (when comparing Figs 4(a) and
4(b)) are simply due to the refractive index mismatches be-
tween the birefringent substrate and liquid. Meanwhile, an



SPR at /g is more sensitive to the refractive index change of
the substrate, as expected, and so exhibits a shift in the spec-
trum after changing the polarization from x-polarized (0°) to z-
polarized (90°). Experimental results show an average blue
shift of the resonance wavelength at Ag by ~14nm for the two
orthogonal polarizations, when using three different concen-
trations of water-glycerine solution (0% corresponds to purely
water, 50% corresponds to 1:1 water-glycerine, and 100% is

purely glycerine), which is comparable to the shift given in Fig.

3(b); the Inset of Fig. 4(b) shows a plot of the resonance min-
ima at /g for clarity.
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FIG.4. (a) Measured transmission spectra for different concentrations
of glycerine-water solution using x-polarized light (0°). Inset: Simu-
lated results of the transmission spectra for water (Black line: x-po-
larized light. Red line: z-polarized light. Blue line: unpolarized light.)
(b) Measured transmission spectra for different concentrations of
glycerine-water solution using y-polarized light (90%). Inset: Meas-
ured 1s minima of concentration-dependent wavelength shift, for 0°
(hollow data) and 90 (solid data) polarizations.

Since the shift at 1g due to the polarization change is non-
negligible, alignment of the light source and the sensor needs
to be considered for a polarized light source. On the other hand,
for a fixed polarization angle, the shift at Ar due to changes in
liquid refractive index variation is larger than those for g, and
therefore the liquid mode has a higher sensitivity compared to
the LiNbO3z; mode; as such, it is preferential to utilize At for
sensing capabilities since it is also unaffected by substrate bi-
refringence related effects.

In summary, we have fabricated Au nanodisc arrays on pi-
ezoelectric substrates using lift off process and our SPR sensor

has the capability to be coupled with compatible SAW tech-
nology. We demonstrate that the Au nanodisc arrays exhibit
refractive index dependent SPR properties which can be used
for label free biosensing. We have also demonstrated polariza-
tion angle dependent transmission spectra, which arises from
the birefringent LiNbO3 substrate. It is concluded that for a
substrate which has a refractive index differing by a large
amount from the analyte, the SPR sensor should be designed
targeting the liquid mode A as this provides a higher sensitiv-
ity than Ag, and is not sensitive to the birefringence of the pie-
zoelectric material. We believe that the integration between
these Au nanodisc arrays and a SAW sensor can make the hy-
bridized device an efficient, versatile platform for better stud-
ying the biomolecule binding process in real time.
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